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Abstract
Title: Characterisation o f  Polyvinyl Alcohol Hydrogels M odified with Chitosan for
Cardiovascular Applications
David T. Mathews (B.Eng.)
The use o f  Polyvinyl Alcohol (PVA) hydrogels combined with chitosan as a vascular 
tissue substitute for in vitro vascular cell culture studies was investigated. Hydrogels 
possess many characteristics that can be controlled and adjusted during the 
fabrication processes, such as tissue-like elasticity, mechanical strength and 
permeability. In order to develop a material with appropriate inherent material 
properties that may be used to fabricate a bioartificial vessel with appropriate 
structural properties, arterial wall mechanics were investigated. A three layer finite 
element model, incorporating the effects o f circumferential and longitudinal residual 
stresses, was developed to identify the effect o f vessel geometry, constitutive 
properties and residual stresses on the structural response o f  an arterial segment.
Chitosan was blended to the hydrogel to enhance cell adhesion and growth. The 
effect o f  fabrication parameters on the mechanical and morphological 
characterisation o f the PVA-chitosan blended hydrogels was determined using 
uniaxial extension tests, bi-axial inflation tests, opening angle observations and 
scanning electron microscopy. PVA-chitosan hydrogel vessels were constructed, and 
the compliance was measured and compared with numerical predictions.
In vitro experiments have been conducted to investigate vascular endothelial and 
smooth muscle cell adhesion and growth to PVA-chitosan hydrogel surfaces. The 
structure and composition o f the cultured cells on the PVA-chitosan hydrogel 
surfaces was studied using immunocytochemistry techniques. Cellular proliferation 
and viability under static and shear culture conditions have been explored using 
fluorescent activated cell sorter analysis.
The finite element analysis results showed that the constitutive properties had a 
significant affect on the overall structural response o f  the artery wall. The mechanical 
and morphological studies established that the PVA-chitosan blended hydrogel 
membranes could be fabricated with similar properties to porcine aortic tissue. The 
findings o f the biological experiments demonstrated that vascular cells adhered to the 
PVA-chitosan membranes and exhibited comparable proliferation and apoptosis 
characteristics to control samples. The results described increase understanding o f 
PVA-chitosan blended hydrogel membranes specifically with regard to the 
development o f  bioartificial vessels for use in in vitro vascular bioreactors.
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Chapter 1
Introduction
Cardiovascular diseases remain among the most prominent health challenges 
despite many breakthroughs in cardiovascular medicine over recent years. 
Cardiovascular diseases are the leading cause o f death in the western world, 
accounting for 37.3 % o f  all deaths in the United States [1]. An estimated 17 million 
people die globally due to cardiovascular disease per annum, which translates into 
one death every 30 seconds [2]. The incidence o f cardiovascular disease in Ireland is 
above the European Union (EU) average, with 62 deaths per 100,000 population in 
2004 compared to the EU average o f 56 [3]. In addition, it is estimated that one 
quarter o f people in the western world live with cardiovascular disease, resulting in a 
significant economic impact, both in terms o f health care expenditures and lost 
productivity [1]. An increased understanding o f  the mechanisms underlying the 
pathology o f  cardiovascular diseases is imperative both in the prevention and 
management o f this condition.
W hile the number o f deaths related to cardiovascular diseases has increased 
over the past numbers o f  years, this increase would be significantly higher but for 
development o f  improved diagnostic equipment that can enable early diagnosis and 
more successful interventional procedures. It is generally accepted that the 
progression o f atherosclerosis (narrowing or blocking o f  the artery due to the 
presence o f plaque), in an arterial vessel is related to the mechanical forces 
experienced by the arterial wall [4], cigarette smoke, high blood pressure and high 
cholesterol. In order to prevent cardiovascular diseases, as well as treat them, and
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reduce the number o f deaths, the effect o f specific mechanical stimuli on the arterial 
wall and on vascular cells needs to be understood.
There is a need for experimental systems which can apply physiological 
mechanical stimuli to endothelial (EC) and smooth muscle cells (SMC), in order to 
properly understand the effect on their behaviour. Specifically, there is a need for a 
bioartificial vessel which can support EC and SMC growth and form the basis for 
experiments involving physiological flow conditions and interventional procedures. 
The bioartificial vessel must be constructed from a biomaterial which will interact 
with fluid flow, pressure and mechanical procedures in a manner similar to vascular 
tissue.
Ultimately, such bioartificial vessels would prove to be invaluable biomedical 
research tools to examine the impact o f various pharmacological and mechanical 
interventions and thereby avoid in vivo studies. M oreover, in vitro studies would 
contribute to the development o f commercial bioartificial small diameter grafts for 
vascular reconstruction in patients where autologous blood vessels are not available.
1.1 Biomaterial Development
In order to develop a biomaterial for in vivo or in vitro applications there are a 
number o f issues that need to be addressed including (i) appropriate cellular activity 
on the biomaterial and (ii) appropriate mechanical properties throughout the 
physiological stress range. The most important factor is the selection o f a suitable 
biomaterial. M any synthetic biomaterials with the appropriate range o f mechanical 
properties have been identified [5]. The next step is to determine which material can 
be processed and prepared to address the aforementioned issues. There are a number 
o f biomaterial characteristics, processing parameters and preparation techniques that 
influence biomaterial effectiveness including:
1. Biom echanical properties (elasticity)
There is a need to replicate both the elastic properties o f  arterial tissue and 
the structural properties o f blood vessels. Control o f  mechanical 
properties would be advantageous. Therefore, the selection o f  appropriate
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fabrication techniques is important as the mechanical properties may be 
influenced by the processing parameters.
2. Porosity of the biomaterial.
This affects cellular and molecular adhesion and diffusion o f  nutrients [6]. 
Porosity can be induced in virtually any biomaterial, and is highly 
influential in controlling cell activity on the biomaterial.
3. Surface coating and texture.
The biomaterial must support growth o f EC and SMC in order to be 
suitable for in vivo or in vitro applications. The surface coatings (peptides 
and protein) promote cell adhesion [7-9] while the surface texture may 
affect cellular adhesion.
To fabricate a biomaterial that replicates the in vivo environmental 
conditions, a biomaterial with mechanical and biological properties representative o f 
arterial tissue is required. Bioartifical arterial tubular vessels could then be 
manufactured with similar geometric and stress-strain characteristics o f arterial 
tissue. Mechanical signals alter almost all aspects o f cell function. Therefore, a 
bioartifical arterial tubular vessel with representative mechanical and geometric 
properties seeded with vascular cells in vitro will affect the biochemical signals 
produced by the cells. The mechanical properties o f many biomaterials can be varied 
through different processing techniques, though the coupled effect on cellular 
activity may vary from one biomaterial to another. Validation o f the biomaterial 
suitability is another important aspect in the development process. In vitro 
mechanical and biological experiments that reproduce one or more in vivo 
parameters are required to evaluate the biomaterials.
1.2 Research Objectives and Methodology
The objective o f this research is to assess the use o f polyvinyl alcohol (PVA) 
hydrogel combined with chitosan as a potential scaffold for use in in vitro vascular 
cell culture studies. In order to validate or refute continued development o f the 
biomaterial as a potential vascular substrate, three research areas were investigated:
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1. Finite element analysis of vascular wall mechanics.
Finite element analysis was used to investigate the structural response o f 
arterial walls under physiological conditions. This allowed an 
investigation o f  the importance o f factors such as vessel geometry, 
constitutive properties and residual stresses (circumferential and axial) to 
the overall vessel behaviour.
2. M echanical characterisation of the PVA-chitosan blended hydrogels.
PVA hydrogels can be considered non-linear, elastic, isotropic, 
incompressible materials [10]. Uniaxial extension tests, bi-axial inflation 
tests and tubular inflation tests were used to characterise the mechanical 
properties o f the PVA-chitosan blended hydrogels. In order to investigate 
the polym er network, the porosity characteristics o f these PVA-chitosan 
blended hydrogels was analysed using scanning electron microscopy 
(SEM).
3. Vascular cell adhesion to PVA-chitosan blended hydrogels.
Cell culture techniques were conducted to determine if  adhesion and 
proliferation o f  vascular cells can be achieved on PVA-chitosan blended 
hydrogels. Cell morphologies were studied using immunocytochemistry 
staining to determine whether the membranes affected the structure and 
com position o f the cells. Fluorescent activated cell sorter (FACS) analysis 
was used to establish proliferation and cell viability. Preliminary flow 
experiments were also performed to verify if  the anchorage o f cellular 
focal adhesion sites is sufficient to withstand shear stress.
If  the PVA-chitosan blended hydrogels can be fabricated with appropriate 
mechanical properties and support vascular cell adhesion and proliferation then the 
biomaterial may be considered suitable for further investigation in vascular 
bioreactors. This would then be suitable for investigating vascular EC and SMC fate 
decisions, as well as other investigations relating to the use o f  medical devices such 
as balloon angioplasty and stent implantation.
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Chapter 2
Literature Review
In order to develop a biomaterial that mimics arterial mechanical properties 
and may be used as a substrate for vascular cell culture experiments, it is important 
to understand the functions o f the different layers o f  the arterial wall. The 
composition and biomechanical properties o f arterial tissue are therefore reviewed in 
this chapter. Published information on the mechanical environment experienced by 
arterial tissue is reviewed, to provide an insight into how the substrate should be 
mechanically characterised. Commercial and non-commercial vascular cell culture 
systems are described and the biological responses o f vascular cells to mechanical 
stimuli are also discussed. The chapter concludes with a review o f selected natural 
and synthetic biomaterials that may be potentially used to fabricate a biomaterial for 
cardiovascular applications.
2.1 Vascular Structure and Function
2.1.1 Arterial W all Classification
The arterial wall has multiple physiological functions and a complex structure 
(Figure 2.1). Arteries can be classified into two categories; elastic arteries and 
muscular arteries. Elastic arteries, which include the aorta, carotid and the iliac 
arteries, tend to be larger diameter vessels and are located close to the heart. 
However, muscular arteries, which include the coronaries, femorals and tibials, are 
smaller vessels located closer to the arterioles. M ost arteries, however, display some 
o f the characteristics o f both types o f artery. The human arterial wall comprises o f
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three concentric layers; the tunica intima, the tunica media and the tunica adventitia 
(Figure 2.2). The intima is the inner layer, the media is the middle layer and the 
adventitia is the outermost layer. Each arterial layer presents specific material 
properties to assume a particular role in the vascular wall.
Ascending Aorta 
Coronary Artery
Aortic Arch
Super
mesenteric Artery
Thoracic Aorta
Abdomnai Aorta 
Iliac Artery
Tibial Artery
Femoral Artery
Common Carotid Artery
Vertebral Artery
Figure 2.1 Systemic arterial tree, (based on diagram from [11], originally 
modified from McDonald [12])
media »
adventitia .... ■■... +
intima
Figure 2.2 Schematic o f a human muscular artery: tunica intima, tunica 
media and tunica adventitia (Citied from [13]).
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2.1.2 The Intimai Layer
The intima is composed o f a monolayer o f endothelial cells (EC) lying on a 
thin basal membrane (the internal elastic lamina). The endothelium constitutes a 
selective barrier between the blood and tissues [14-16] and prevents bacteria in the 
blood entering the wall, as well as preventing thrombosis. The EC align with the 
direction o f the blood flow. The internal elastic lamina is a flexible membrane that 
allows bending and changes in diameter associated with changes in blood pressure. 
The intima in young healthy individuals has little or no effect on the overall 
mechanical compliance o f the vascular wall. However, the intima thickens with age 
and disease, which can have a significant effect on its mechanical properties [17].
2.1.3 The M edial Layer
The media consists o f smooth muscle cells (SMC) in an extracellular network 
o f elastin fibres and collagen fibrils [18]. The collagen fibres are interconnected 
between concentric layers o f SMC and elastic fibres [14]. There are two sublayers 
between the intima and media, and the media and adventitia, known as the internal 
and external elastic lamina respectively. These laminae are much more pronounced 
in muscular arteries than in elastic arteries. The media has high strength, resilience 
and the ability to resist loads in both the longitudinal and circumferential directions. 
In a healthy artery the media is the most significant layer from a mechanical 
compliance standpoint [15].
2.1.4 Adventitial Layer
The adventitia is the outermost layer o f the artery. It consists primarily (70 % 
to 80 %) o f  thick bundles o f collagen fibrils together with fibroblasts, fibrocytes, 
nerves and vasa vasorum that form a “leathery” tissue [19]. The thickness o f the 
adventitia can be between 10 % to 50 % o f the total arterial thickness, depending on 
whether it is an elastic or muscular artery and on its location in the arterial tree 
(Figure 2.1). The compliance o f the artery varies with the amount o f  collagen and 
elastin in the wall [14], with the collagen fibrils reinforcing the wall, offering 
stability and strength through its structure [15]. The adventitia also carries micro-
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vessels that supply nutrients and oxygenated blood to the SMC [20].
The contribution to mechanical significance o f each o f  the layers changes as 
the arteries age. In a young healthy individual the intima offers little mechanical 
resistance but this may become more significant for aged diseased arteries, as the 
intima becomes thicker and stiffer. The media and adventitia provide the arterial wall 
with strength and are essentially the load bearing layers o f the artery. At 
physiological pressures, the arterial wall is subjected to low stress and the media is 
the load-bearing layer [21,22]. The adventitia is not as stiff as the media at low 
pressures. However, at high pressures the stiffness significantly increases as the 
collagen fibrils straighten. This increase in rigidity prevents overstretch and rupture 
o f the artery [15].
Arteries exhibit both active and passive mechanical behaviour. The degree o f 
contraction o f  SMC within the arterial wall determines the active mechanical 
behaviour o f arterial tissue [15]. Passive mechanical properties o f  elastic or muscular 
arteries are dependent on the composition o f the artery, specifically the amount o f 
elastin and collagen present in the vessel wall.
2.2 Vascular Biomechanics
A number o f  assumptions or simplifications are often used to develop a 
biomechanical model for vascular tissue.
2.2.1 Heterogeneity
From histological studies, an arterial segment may be considered to have a 
uniform structure in the longitudinal and circumferential directions, but not in the 
radial direction [23]. The artery consists o f a complex arrangement o f many 
individual components (cells, muscle, fibres etc.). Each component has different 
physical and mechanical properties whose contents vary according to tissue type and 
location [24]. Therefore, the distinction between the layers and the constitutive 
homogeneity w ithin each layer indicates that it may be realistic to assume that the 
properties o f  the artery vary by layer and not continuously with radius (ie: that each
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layer o f the artery may be considered homogeneous). However, it should also be 
noted, that the media o f  the vessel bears m ost o f the load at physiological pressure 
since the media typically represents between 50 % to 90 % o f the thickness o f the 
vessel wall [18]. The assumption o f homogeneity does not make any distinction 
between the specific contributions made by different constituents o f  the wall such as 
elastin and collagen. However, it is the overall mechanical behaviour o f the arterial 
tissue and the contributions o f all the constituents o f the vessel, which is o f interest.
2.2.2 Incompressibility
Arterial tissue in a similar fashion to other rubber-like materials which are 
capable o f undergoing large elastic deformations, show a very low degree o f 
compressibility [25,26]. The resistance o f arterial tissue to volume changes is orders 
o f magnitude greater than its resistance to shape changes [26]. The arterial wall, like 
most biological soft tissues, contains more than 70 % water, therefore the volume 
changes only slightly under loading [24]. Carew et al [25] and Dobrin and Rovick 
[27] considered the issue o f incompressibility in the context o f arterial tissue and 
reported that under physiologic conditions the assumption o f incompressibility can 
be safely made.
2.2.3 Anisotropy
The arterial wall is anisotropic. This means that it has different stiffness 
characteristic in different directions [28-30]. Patel and Fry [28] excised segments o f 
aorta, cannulated the segments at both ends, suspended them vertically from a ring 
stand and pressurised them at various axial loads. The rotation o f the lower end o f 
the aortic vessels was measured with respect to the fixed upper end as a function o f 
pressurisation. Strain values were calculated from measurements o f  overall segment 
length, midwall radii and rotations. Patel and Fry [28] reported that under 
physiologic loading the shearing strain (ez0 and cz0) values for all segments o f blood 
vessel tested were always small compared to the corresponding circumferential and 
axial strains (800 and szz). In this study, it was concluded that the vessel may be 
treated as a cylindrically orthotropic tube. This implies that the elastic properties o f
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the vessel are almost symmetrical about the planes in the radial, circumferential and 
axial directions to the principal stresses under physiological loading.
2.2.4 Nonlinearity
Biological soft tissues under physiological loading exhibit material and 
geometric non-linearities. The artery behaves in a non-linear viscoelastic manner 
[31,32]. This behaviour is dependent on the location along the vascular tree. Each o f 
the main structural components (collagen and elastin fibres) o f  the artery provides 
certain mechanical characteristics, and the degree o f nonlinearity is determined by 
the ratios o f these components.
Figure 2.3 shows the stress versus strain curve o f the adventitia layer from 
non-diseased tissue o f a diseased external iliac artery [33]. A non-linear stress versus 
strain relationship is evident. In the initial stages o f extension (A) only the elastin 
resists extension (bears a load). In this region o f  the graph the curve rises almost 
linearly with a low slope. Further extension o f a specimen (B) recruits the least taut 
collagen fibres first, and then gradually collagen fibres o f different tortuosity are 
recruited. The stress versus strain curve rises gradually until all the collagen fibres 
are recruited and the tissue tears. Hence the nonlinear effect is due to the transfer o f 
load from the elastin to collagen fibres as the strain increases.
The stress strain response o f arterial tissue has generally been obtained by 
several researchers from uniaxial tensile tests. A num ber o f studies have been 
conducted which have measured the non-linear stress versus strain relationship in 
uniaxial tension o f different arterial tissue from different species as well as from 
different areas o f  the arterial tree [33-37]. In uniaxial tensile testing, dogbone-shaped 
longitudinal and circumferential specimens are clamped at each end and undergo 
cyclic uniaxial extension while continuously recording the force-elongation (width 
and gauge) relationship. Generally researchers have quantified the overall uniaxial 
stress versus strain response o f arterial tissue (ie: 3 layers o f  the arterial wall). 
However, Holzapfel et al [33] separated the three layers o f a human external iliac 
artery and performed uniaxial extension tests to obtain the stress strain relationship 
for each layer.
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Engineering Strain
Elastin Fibre 
Collagen Fibre
Figure 2.3 Non linear behaviour o f the adventita layer from a human 
specimen. (Note: Stress versus Strain data obtained from Holzapfel et 
a l [33],
The deformation response o f arteries is strongly coupled in the principal 
directions (radial, longitudinal and circumferential directions) due to the complex 
organisation o f  the constituents o f arterial tissue, namely the collagen and elastin 
content. M ultiple uniaxial tests are insufficient to characterise arterial tissue due to 
nonlinear interactions (eg: an applied axial strain in arteries alters the circumferential 
stress versus strain curve [18]). Therefore in order to simultaneously determine the 
response o f arterial tissue in the principal directions, biaxial testing is necessary.
If  arterial tissue is considered incompressible, three-dimensional mechanical 
properties can be inferred from a two-dimensional test. This has led to a number o f 
studies to estimate the biaxial response o f arterial segments [38-41]. To perform 
biaxial testing, two boundary conditions must be controlled. The edges o f a biaxially 
loaded sample must be free to expand since the sample is loaded in two principal 
orientations [42]. Therefore the use o f solid clamping grips is excluded. The use o f
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numerous grips to grasp the sample to allow lateral extension necessitates the use o f 
non-contact strain measurement in the central region o f  the test specimen at a 
distance from the sample edges to avoid the localised affect o f the grips. An 
alternative method is to use a bubble inflation method, where a circular specimen is 
clamped down, sealed and inflated [40]. This technique assumes that the deformed 
specimen is spherical and only allows for equibiaxial testing.
Inflation and extension o f excised intact arterial tissue specimens is another 
method used to gain a better understanding o f  the nonlinear and anisotropic arterial 
wall behaviour [39,43-45]. During inflation tests on arterial tissue, a longitudinal 
force and an internal pressure are applied to a cylindrical vessel. This method avoids 
traumatic excision o f the arterial tissue and the mechanical environment is closer to 
physiological loading conditions. A pressure versus diameter relationship is used to 
describe the behaviour o f  the arterial segments.
Arteries show hysteresis under cyclic loading, stress relaxation under 
constant extensions and creep under constant loads [46]. It has also been noted that 
during the first few cycles o f loading the stress mitigates (softens) (Figure 2.4). 
Preconditioning, the repeated loading and unloading o f arterial tissue four or fives 
times before the actual test (loading to failure), has been deemed necessary to 
stabilise the tissue and reproduce the state o f  the tissue in the physiologic 
environment [37,47].
Strain
Figure 2.4 A typical preconditioning curve showing the response become 
more extensible with one preconditioning cycle [48].
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2.2.5 Residual Stress
Residual stress is a tension or compression, which exists in the arterial wall 
without application o f an external load [49]. The existence o f arterial residual 
stresses was first reported by D.H. Bergel in 1960 [50]. He noted that a longitudinal 
cut in an arterial section resulted in the “unrolling” o f the artery. Residual stresses 
have a strong influence on the stress and strain distributions across the arterial wall 
under physiological loading [15,51]. In order to accurately model the relationship 
between stress and strain, it is essential to identify the appropriate stress free 
reference configuration.
A radial cut o f an unloaded intact arterial ring opens up because there is a 
reduction in the strain energy stored. This angle is known as the opening angle 
(Figure 2.5). Chuong and Fung [51] suggested that the radial cut leads to a zero stress 
state, in the arterial ring as it reduces the residual stresses.
Figure 2.5 Schematic cross section of a cut vessel at zero stress, defining the 
opening angle.
Residual stresses have been examined from a variety o f different viewpoints 
and there have been some conflicting findings. It has been reported that single radial 
cuts in the arterial rings capture most o f the residual strain effect and that the location 
o f the cut has very little effect on the value o f the opening angle [52,53]. However it 
has also been suggested that the one radial cut is not sufficient to relieve all the 
residual stress in the artery [54]. Vossoughi et al [55], established that if  the arterial 
ring is separated into inner and outer rings and then cut in the radial direction, 
different opening angles result for each ring. Greenwald et al [54] concluded the true 
stress free configuration can only be achieved by partial destruction o f the vessel 
wall. In addition, this group also suggested that the different layers o f  the arterial
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wall might each have different opening angles.
In order to assess the residual stresses in arterial segments, the length o f the 
arterial segment is noted prior to harvesting and the opening angles o f arterial rings 
are measured. It has been suggested that the elastin content is responsible for the 
residual stress in the arterial wall [56,57]. Fung and Liu [52] have shown that the 
opening angle o f the artery varies with the location along the vascular tree (Figure 
2.6) and is also affected by physical, chemical or biological stimuli, for example 
hypertension or diabetes [58]. According to experimental studies by Schulze-Bauer 
et al [59] the intima, media and adventitia o f non-diseased, aged human external iliac 
arteries, when separated, spring open to form sectors which show different opening 
angles. Positive opening angles were reported for the intact wall sectors (ranging 
from 56° to 163°), as well as the separated media and adventitia. Conversely negative 
opening angles were evident in the intima layer. Schulze-Bauer et al [59] recognised 
that further data and improved knowledge are required to affirm these observations 
for the intimas.
Figure 2.6 Variations in the opening angles along different sections of a rat 
aorta (Adapted from [60]).
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2.3 Vascular Cell Mechanotransduction
M echanotransduction is the process by which cells convert mechanical 
stimuli into biochemical signals. Mechanical stresses regulate a many physiological 
functions including the detection o f fluid shear stress imparted by blood flow across 
vascular cells. M echanical signals transform almost all aspects o f cell function 
(growth, differentiation, migration, gene expression, protein synthesis, and apoptosis) 
while mechanical forces directly affect the form and function o f  tissues.
2.3.1 M echanical Forces and Vascular Tissue
All tissues in the body are subjected to physical forces, which can originate 
either from environmental factors, or from tension created by the cells themselves 
[61-63]. Almost all vessels carrying fluids within the body are distensible, and 
interactions between internal blood flow and vessel wall deformation contribute both 
to a vessels biological function and dysfunction. The vascular wall is an integrated 
functional component o f the circulatory system that is constantly exposed to 
mechanical forces o f  haemodynamic origin. In vivo , the artery experiences shear 
stress and tensile strain as a result o f the pulsatile nature o f  the blood flow [64,65].
Pulse pressure, which is defined as the difference between peak systolic and 
diastolic blood pressure, acts as a compressive force perpendicular to the endothelial 
lining. The adventitia is normally at near atmospheric pressure. Arteries experience 
circumferential wall tension and stretch as a result o f  blood pressure. Humans 
experience a mean pulsatile pressure o f approximately 100 mmHg and a pulse 
pressure variation o f ~20 mmHg [38].
Shear stresses are small frictional forces acting in the full thickness o f the 
artery wall that cause modest deformations. Under normal physiological conditions, 
EC are prim arily subjected to this haemodynamic shear stress. However, under 
conditions o f  endothelial dysfunction or denudation, shear stress can also exert its 
effect on the underlying SMC. In arterial circulation, based on altering vessel wall 
diameters, the mean wall shear stress is 1.5-1.8 Pascals [66]. Changes in shear stress 
can be associated with changes in pulse pressure. EC, which contain shear stress
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response elements, respond to physiological or pathological alterations in shear stress 
by releasing vasoactive agents and pro- or anti-atherogenic substances [61,64].
A nother well characterised haemodynamic effect associated with the 
vasculature is cyclic circumferential strain. Cyclic strain in arterial vessels is due to 
the repetitive pulsatile force on the vessel wall due to arterial blood pressure. Cyclic 
strain can be multi-dimensional as the pulsatile force acts perpendicular to the blood 
vessel, resulting in “stretching” o f the vascular cells in multiple planes. All cells o f 
the vessel wall experience cyclic strain under normal physiological conditions. 
SMC, which constitute the major component o f the vessel wall, together with elastin 
and collagenous components, experience most o f the pressure-induced cyclic strain. 
Normal blood pressure is considered to be 120/80 mmHg, whereas blood pressures 
o f above 140/90 mmHg and below 90/60 mmHg are considered high and low 
respectively [67]. Factors ranging from physical exertion to psychological stress can 
result in a transient rise in blood pressure, and a consequent transient increase in 
cyclic stress. Cyclic strain in arteries varies between 5 % to 10 % during the normal 
cardiac cycle but can exceed 20 % with physiological changes in arterial pressure 
[68].
2.3.2 Endothelial Cells (EC)
A single cell layer thick membrane o f EC lines the entire circulatory system. 
This plays an important role in physiological haemodynamics and permeability o f the 
blood vessels [64,69]. The endothelium is, in essence, a multifunctional organ. A 
healthy endothelial lining is fundamental to normal vascular function. Malfunctions 
in the function and structure o f the EC can be critical factors in the pathogenesis o f 
arterial diseases, namely thrombosis and arteriosclerosis [70]. The EC are extremely 
sensitive and act as signal transducers o f shear stress to adapt smooth muscle cell 
regulation o f  vasomotor tone in the arterial wall. The vasculature responses to altered 
blood flow are arbitrated by the endothelium.
2.3.3 Smooth M uscle Cells (SMC)
SMC are generally situated in the medial layer o f  the artery. Several studies
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have demonstrated a marked heterogeneity o f SMC phenotypes (genetic makeup) in 
the vessel wall o f  both human and animal models [71,72]. These phenotypes are 
classified as synthetic and contractile. W hilst both the intimal and medial layers 
contain a mixture o f both phenotypes, the synthetic phenotype is most commonly 
associated with the intimal layer. The contractile SMC, on the other hand, are most 
commonly associated with the tunica media, and express differentiated cell markers 
associated with contractile function, and are involved in the synthesis and 
maintenance o f  extracellular components o f the vessel wall. SMC are considered the 
most important cell type involved in the pathogenesis o f lesions in atherosclerosis
[73].
2.3.4 In Vitro Cell Culture -  Bioreactor Systems
In order to investigate the effect o f the mechanical environment on cell 
response numerous in vitro systems (bioreactors) have been developed. Barron et al
[74] defined a bioreactor as a system that simulates physiological environments for 
the creation, physical conditioning, and testing o f cells, tissues, precursors, support 
structures and organs in vitro. There are numerous commercial systems and 
experimental apparatus’ developed by research groups that attempt to mimic shear 
stress or/and cyclic strain conditions that are experienced by vascular cells in vivo. In 
an ideal bioreactor, biomechanical and biochemical controls are fundamental in the 
creation o f a simulated physiological environment for cell growth [74].
Physiological Flow Bioreactors
Moore et al, [75] developed an experimental apparatus to expose EC to shear 
stress and circumferential cyclic strain. The apparatus consists o f four cylindrical 
elastic tubes (Figure 2.7). Cells are cultured to the inner walls o f the compliant tubes 
then a pulsatile pressure gradient controlled by a pump drive imposes a pulsatile 
shear stress and a cyclic expansion to the tubes. The following conditions may be 
investigated; (a) Static conditions -  no shear or stretch, (b) shear stress only, (c) hoop 
stretch only and (d) shear and hoop stretch. For the tubes where no hoop stretch is 
desired, a rigid plastic casting is mounted around the elastic tubes to prevent 
expansion in the radial direction. A variety o f  physiological pressure, flow, stretch 
and temperature parameters may be produced using this system.
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The CELLMAX Artificial Capillary System™ [76] is a commercially 
available apparatus that is used for the perfused transcapillary in vitro co-culture o f 
vascular EC and SMC. This system simulates the highly efficient, three-dimensional 
function o f the human capillary system and permits long term culture at precisely 
controlled flow rates. It is used to measure the effect on vascular cells o f 
haemodynamic shear stress.
Figure 2.7 Schematic of the flow system used to subject EC to shear stress 
and hoop stretch [75].
The system (Figure 2.8) consists o f  a capillary bundle that contains 50 rigid 
semi-permeable capillaries and a positive-pressure displacement pump that circulates 
media at a chosen flow rate from a reservoir bottle through silicone rubber tubing. 
The media flows through an oxygen carbon dioxide exchange unit. M edia enters the 
capillary bundle at the inlet endport and flows through the lumen o f  each individual 
capillary in the bundle before exiting at the outlet endport. The media is pumped 
back into the reservoir.
Oxygenator PumP
Figure 2.8 Schematic of perfused co-culture system representing the normal 
path flow of the perfused media [76].
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SMC are seeded onto the extracapillary space (ECS) o f  the capillary bundle 
using the sideports and allowed to adhere and grow (Figure 2.9). EC are then seeded 
into the luminal space via the inlet ports. By regulating the fluid velocity the shear 
stress to which the EC are exposed can be altered. The two cultures, smooth muscle 
and EC do not make direct cell-to-cell contact but are exposed to the same culture 
medium. This allows diffusion o f nutrients or secreted products released in both 
directions through the pores in the capillary wall (Figure 2.9).
Direction of flow
Lumen ^  Capillary Wall
Figure 2.9 Schematic illustration of co-cultured SMC and EC on rigid semi­
permeable capillaries [76].
Shear Stimulus Bioreactors
The dynamic flow system (Figure 2.10) developed by Blackman and co­
workers is a cone and plate device that consists o f culture well environment and a 
driver unit [77]. The complete system, which includes a transparent cone and the 
plate surface, is mounted onto a microscope stage and allows direct visualisation o f 
the cells, adhered to the plate surface. The cells are examined using phase contrast 
microscopy under dynamic flow conditions. A timing belt connected to a 
programmable stepper motor controls the rotation o f the cone. The system can 
replicate various waveforms ranging from simple laminar flows to more complex 
arterial waveforms through precise control o f the motor. Constant exchange o f fresh 
media is permitted through two circulation ports on the plate. The dynamic flow 
system is used to measure the response o f  EC to pulsatile shear stress waveforms 
encountered by the endothelium in the arterial circulation.
The parallel plate system is used to quantity the effects o f fluid shear stress 
on cells (Figure 2.11). It consists o f a polycarbonate chamber with entrance and exit 
flow slots, a vacuum port, a silicone membrane gasket and a glass slide [78]. The 
silicone gasket creates a rectangular flow channel and also prevents leeks. A vacuum
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z-axis
micrometers
Timing Belt
Motor
Figure 2.10 Dynamic flow system [77].
pump is attached to ensure a tight seal between the flow deck and the bottom o f the 
culture dish. The flow deck may be adapted with a variety o f inlet and outlet designs 
and silicon rubber gaskets with different sizes. This system is used to quantity the 
effects o f  fluid shear stress on cells.
Entrance Slot Exit Slot
Figure 2.11 Schematic of parallel plate flow chamber configuration [79].
Strain Stimulus Bioreactors
The Flexercell® strain unit (North Carolina, US) is a commercially available 
system that provides regulated strain to cells in culture (Figure 2.12) [80]. It consists 
o f a flexible bottom tissue culture plate with mesh like anchors at the culture well 
periphery for cell and matrix attachment. A control module regulates the pressure 
and rate o f  evacuation o f the rubber bottom culture plates to control the mechanical 
load to the cells in vitro. Positive or negative pressures may be simulated. The 
positive pressure mode stretches the well bottom upwards producing a relatively
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uniform, biaxial strain over the entire well surface. The well bottom stretches 
downward with a gradient in the negative pressure mode creating maximum strain at 
the well periphery and minimum at the well centre. The pressure and the rate o f 
evacuation regulate a single deformation event o f the rubber bottom plate. The 
deformations can be repeated at controlled frequencies. This system can apply 
reproducible cyclic or static tensile or compressive strains to cells cultured in vitro. 
Specified frequency, amplitude and duration o f strain can be reproduced in vitro by 
regulating the degree and timing o f the pressure applied to the flexible bottomed 
plates.
Flexible
Membrane
Region of 
Minimium Stretch
Figure 2.12 The Flexercell® plate base has a flat culture substrate at rest [80].
2.3.5 Response o f Vascular Cells to M echanical Stimuli
The primary function o f EC is to act as a selectively permeable barrier 
regulating the exchange o f substances between blood and tissue. Therefore EC have 
the ability to communicate (secrete substances) in two directions, outward to 
platelets and leukocytes and inward to SMC [81]. Being in direct contact with blood 
flow, the endothelium is exposed to a variety o f biomechanical stimuli, namely 
mechanical forces generated by the pulsatile nature o f blood flow (Figure 2.13). 
These include flow-induced shear forces, radial forces as a result o f blood pressure, 
circumferential and axial forces due to cell-to cell contact and distension due to 
pressure. Some o f these forces act directly upon the EC and induce changes, while
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others are transduced across the endothelial layer to other components o f the vessel 
wall including SMC [81]. Depending on the magnitude and direction o f the blood 
flow induced forces, the EC express genes, which in turn produce different 
molecules (adhesion molecules, vascoactive molecules, cytokines, growth factors 
and prostanoids) as shown in Figure 2.13 [82]. Alterations to the blood flow and 
therefore the forces experienced by the endothelium may be affected by lifestyle, 
diseases such as atherosclerosis and aneurysms as well as the implantation o f 
medical devices.
The shape and orientation o f EC are determined primarily by blood flow [83]. 
The nuclei o f  EC are ellipsoid in shape and their major axis is aligned in the direction 
o f the blood flow [84]. Shear stress also affects the function o f  the EC. These 
functions include cell proliferation [85], expression o f adhesion molecules [81], 
growth factors [86] and modulators o f thrombogenity [67]. The multitude o f 
responses indicates that shear activates numerous signal transduction pathways. For 
example, the vasomotor agents released by the endothelial under shear stress initiate 
signalling between the endothelium and medial SMC [87].
Basement Membrane 
(Collagen)
Vascular Wall
Pressure
_ L _
Reactions
Pressure* Induced 
Circumferential Load
Flow-lnduccd Shear 
Axial Load
Adhesion
Molecules'^ f Prostanoids
Vasoactive
Molecules
Cvtokines
Growth
Factors
M echanical Factors B iological F acto rs
Figure 2.13 Schematic showing various mechanical loads acting on a single 
cell [82].
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Shear stress also affects the repair process o f  EC [68]. Repair o f a 
circumferential wound on an artery occurs more rapidly than in a longitudinal 
wound. This is because in a longitudinal wound the cells have to realign 
perpendicular to flow. A reduction in the shear stress slows repair due to the fact that 
the contact between neighbouring cells weakens. W ithout cell-to-cell adhesion, 
important signals concerning the direction o f repair are no longer received [68].
Interactions between EC and SMC cells are essential for a number o f 
physiological processes and are important for the maintenance o f normal tissue 
physiology. In the arterial environment there are structural and metabolic interactions 
between EC and SMC. Communication between cells may involve humoral 
mechanisms (cell secretions) or direct cell-to-cell contact [16]. Humoral 
communication between EC and SMC includes the regulation o f  smooth muscle 
proliferation and vasoactivity (constriction and dilation o f artery). Endothelial 
derived growth factors and growth inhibitors control smooth muscle proliferation 
whereas smooth muscle vasoactivity is regulated by endothelial-derived relaxing 
factors [16]. Cell-to-cell contact is based on the presence o f  myoendothelial junctions 
(areas where EC and SMC are in contact) in arteries. These junctions allow 
communication between the EC and SMC [88].
There are numerous factors, mechanical forces, vasoactive substances and 
interactions between cells that can affect vascular cells. Vascular cell fate defines the 
change in a cell in response to various stimuli. Cell fate is divided into four main 
categories; proliferation, differentiation, migration and apoptosis. Cellular 
proliferation is an increase in cell numbers as a result o f  growth and division o f cells. 
Differentiation is the change in phenotype o f cells. M igration is the movement o f 
cells across the arterial wall. Apoptosis is the process o f programm ed cell death.
Cell fate may be determined independently by exposing vascular cells to 
either cyclic strain or shear stress separately or simultaneously in mono or co-culture 
(Section 2.3.4). M orrow et al, [89] have shown that cyclic strain concurrently 
inhibited SMC proliferation while significantly promoting SMC apoptosis. 
Cappadona et a l, [90] concluded that pulse pressure dictates SMC proliferation, 
which in turn is dependent on the phenotype (differentiation state) o f SMC. In a
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study by Von Offenberg Sweeney et al [91], it was shown that the migration o f EC 
was reduced due to cyclic strain condition.
2.4 Biomaterials
There have been rapid advances in the development o f vascular tissue 
substitute biomaterials over the past decade, which include the use o f hydrogels for 
engineering three-dimensional tissue constructs [92]. Despite this, major challenges 
need to be addressed in order for these biomaterials to progress to clinical 
applications. In order to create functional tissue through engineering, a biomaterial 
that permits cell signalling is required [5]. For cells to function properly, proper 
signals are required, which may include chemical signals (growth factors) or 
mechanical signals (shear stress or hydrostatic pressure) [5]. In addition, the 
biomaterial should provide a binding surface for the cells. There are currently a 
broad range o f  both natural and synthetic biomaterials used to produce membranes 
for a range o f applications (cardiovascular bioreactors, vascular grafts). There are 
advantages and disadvantages to using both natural and synthetic biomaterials. A 
variety o f  different biomaterial types, with different functions, are required for 
different tissue engineering applications. A choice selection o f natural and synthetic 
biomaterials will be reviewed in the following sections, as motivation for the 
selection o f  PVA-chitosan hydrogels for investigation in this project.
2.4.1 Hydrogels
Hydrogels are water-swollen, cross-linked polym er structures that are 
produced by hydrogen bonds and interactions between polym er chains or by 
reactions between one or more monomers. They may be based on natural or synthetic 
polymers. Hydrogels are hydrophilic polymers that may absorb from 5 % up to 
thousands o f times their dry weight in water. Some hydrogels are chemically stable 
(for example; PVA) while others may degrade and eventually disintegrate and 
dissolve [93,94]. These gels are called “reversible” gels as they can be returned to an 
aqueous solution following solidification.
The hydrogel three-dimensional network o f  polym er chains allows easy
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exchange o f nutrients and waste products with the surrounding environment. Pores 
are a feature o f  the hydrogel that are formed during the fabrication process. The 
mechanical properties and diffusion characteristics are affected by the average pore 
size, distribution and interconnection. However, these can be difficult to quantify. 
Therefore diffusion characteristics are often associated with the composition and 
crosslink density o f the hydrogel [95].
The compatibility o f hydrogels with cells is o f great importance for 
biomedical applications. In vitro experiments present a convenient approach to study 
aspects o f the compatibility o f  biomaterials with cells under controllable conditions 
[96]. Cell adhesion on hydrogels is difficult due to their hydrophilic properties [97]. 
Cells do not adhere directly to the biomaterial but rather bind through a number o f 
adhesion proteins that are absorbed onto the biomaterial [98]. Hydrogels that 
promote cell attachment have been shown to strongly influence cell proliferation
[99]. In order for such a protein to attach to the hydrogel, a crosslinking component 
is often required.
2.4.2 Naturally occurring Biomaterials
The main benefit o f  using natural biomaterials is that they are identical or 
similar to substances found in the body. Consequently, the probability o f toxicity to 
biological cells or inflammation is significantly reduced. Natural biomaterials 
contain particular adhesive molecules, such as arginine-glycine-aspartic acid (RGD), 
on their surfaces that can facilitate cell adhesion and maintain cell differentiation
[100]. It is also possible to control the degradation rate through chemical means as 
natural biomaterials produce enzymes that are innately biodegradable [5]. While 
natural biomaterials possess many beneficial characteristics, they are often 
immunogenic (capable o f producing an immune response) [5]. The extraction 
process o f natural biomaterials is often difficult and may alter their natural structure. 
The variability o f the biomaterials derived from animal sources is also another major 
issue [100]. An essential requirement for biomaterials is consistent quality. Therefore 
batch to batch variation must be limited. To address this concern, genetically 
modified forms o f human collagen and other natural materials have been engineered 
to avoid the use o f animal products by expressing them in cell lines [100].
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Extracellular matrix proteins (single proteins or combinations), polysaccharides and 
fibrin have been used to create natural substrate biomaterials.
Collagen is the most abundant protein in the body representing approximately 
25 % o f all protein. Collagen is the primary component o f  connective tissue and is 
associated with development, wound healing and regeneration [101]. Collagen acts 
as a scaffold for our bodies, protecting and supporting the softer tissues and 
connecting them with the skeleton. It also controls cell shape and differentiation, 
migration, and the synthesis o f a number o f proteins [101]. In order to create 
collagen derived tissue substrate material, collagen is typically extracted from 
tendon, skin and fascia. The advantages o f using collagen as a tissue substrate 
include biocompatibility, ease o f fabrication and low cost. Various different chemical 
(formaldehyde, glutaraldhyde) or physical (UV irradiation, freeze-drying) 
crosslinkers may be used to create membranes and enhance their mechanical 
properties [102-104]. Weinberg and Bell [105,106] investigated the collagen 
substrates for use in vascular constructs and noted that EC functioned as a 
permeability barrier. The mechanical integrity o f the construct was controlled by 
multiple layers o f collagen integrated with a Dacron mesh. Vascular cells have been 
shown to orientate circumferentially as they would in vivo when seeded onto 
collagen gels [107]. W issink et al [108], incorporated a releasable growth factor 
(basic fibroblast growth factor) into the collagen matrix to improve EC growth on the 
vascular constructs.
Chitosan is derived from chitin, a polysaccharide that is present in the hard 
exoskeletons o f shellfish like shrimp and crab [109]. Chitosan is composed o f 
glucosamine linked with W-acetyl glucosamine. The glucosamine/W-acetyl 
glucosamine ratio refers as the degree o f deacetylation. The molecular weight o f 
chitosan ranges from 300-1000 kD and the degree o f deacetylation from 30% to 95%
[110]. In its crystalline form, chitosan is insoluble in an aqueous solution above pH 
7. However, in dilute acids (pH<6.0), for example acetic acidic solubility is achieved
[111]. The pH-dependent solubility provides a convenient mechanism for the 
processing o f chitosan under mild conditions [112]. Crosslinking may be achieved by 
UV irradiation, thermal variations or glutaraldehyde. Chitosan is degraded in vivo by 
enzymatic hydrolysis [113]. Highly deacetylated forms o f  chitosan (for example
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>85%) reveal the lowest degradation rates and may last several months in vivo , while 
chitosan with a lower percentage deacetylation degrade more rapidly [113]. The 
degradation rate o f  the material also inherently affects the mechanical and solubility 
properties o f  chitosan. Chitosan has the ability to be moulded into various forms 
[114]. Chitosan possesses excellent ability to be processed into porous structures 
[112]. Porous membranes are generated by freezing and lyophilizing chitosan 
solutions. Removal o f the ice crystals by lyophilisation generates a porous material. 
The pore size and orientation can be controlled by variation o f the freezing rate, the 
ice crystal size and the geometry o f thermal gradients during the freezing process
[112]. The mechanical properties o f chitosan membranes are dependant on the pore 
size and orientation. Chitosan membranes hydrated in NaOH (sodium hydroxide) 
were soft, spongy and very flexible while minor shrinkage and distortion was also 
evident [111]. However, the overall mechanical strength was very low [111]. Tensile 
testing o f hydrated chitosan membranes showed a significant reduction in the elastic 
moduli o f porous chitosan membranes (0.1-0.5 MPa) compared to non-pourous 
membranes (5-7 MPa) [112]. Porous chiotsan membranes displayed a stress strain 
curve characteristic o f a composite material with two distinctive regions, a low- 
modulus region at low strains and a change to a two-three fold higher modulus at 
higher strains. Chemically derivatisation [112] and blending o f chitosan with both 
synthetic and natural biomaterials [96,97,115-118] promotes new biological 
activities and can modify the mechanical properties o f chitosan. Howling et al [ 119], 
achieved fibroblast cell adhesion and growth on chitosan membranes. Chitosan has 
also been blended with gelatine [120], nylon composites [121] and polyvinyl alcohol 
(PVA) [96] for biomedical applications. Chitosan blended with PVA [96] has been 
shown to support fibroblast cell growth. Chuang et al [96] reported that the PVA- 
chitosan blended membrane was more favourable for fibroblast cell culture than pure 
PVA membranes. Cells cultured displayed good spreading, cytoplasm webbing and 
flattening. Koyano et al [97] showed fibroblast cell attachment and growth on a PVA 
hydrogel with 40 wt %  chitosan exceeded collagen in both quality o f  cell attachment 
and cell growth. The death o f bacteria in cells has been accelerated due to the 
presence o f chitosan [122]. Chitosan is used in drug delivery combining its 
antibacterial property with antibiotics [122]. Chitosan has also been used to modify 
the surface properties o f prosthetic materials to enhance the attachment o f osteoblasts 
[123,124]. The combination o f good compatibility, intrinsic antibacterial activity,
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ability to bind to growth factors and to be processed in a different shapes, makes 
chitosan a promising candidate for tissue engineering applications.
Elastin is a structural protein that provides distensibility to our tissues and 
organs. It is predominantly found in tissues such as blood vessels, ligaments and the 
lungs [125]. Its structure enables tissue to stretch and recoil back to its original 
position. Although elastin has desirable mechanical properties, purification problems 
make it a difficult material to use as a tissue substrate material [5]. However, 
Heilshom a et al [126] applied genetic engineering techniques to produce a 
extracellular elastin and fibronectin matrix to support adhesion o f  vascular EC. They 
reported that EC attachment strength to the matrix was sufficient at physiological 
shear stress to retain more than 60 % o f cells on the extracellular matrix.
2.4.3 Synthetic Biomaterials
Synthetic constituents can provide an alternative to natural materials and 
offer some advantages. They can be produced with excellent reproducibility and 
reliability through consistent protocols and a reliable materials source [100]. The 
mechanical properties o f these constituents may be engineered for specific 
applications [127]. To promote tissue cell growth on a biomaterial for use as a 
scaffold, the material must be highly porous [128]. However, an optimum pore size 
is required, as small pores sizes may affect nutrition and waste exchange by cells 
whilst larger pores affect the stability o f the scaffold and its ability to provide 
physical support for the seeded cells [92]. Synthetic constituents can also be 
customised to incorporate bioactive signals (examples include: fibronectin [127], 
chitosan [96] and peptides [129,130]) that evoke desirable cellular responses [5].
PVA hydrogels have been proposed in many biomedical applications [131], 
arterial phantoms [132], heart valves [133,134], corneal implants [135] and cartilage 
tissue substitutes [136]. In addition to desirable mechanical and swelling properties, 
PVA also displays a size exclusion phenomenon due to the presence o f crystalline 
regions that render the network insoluble [137], The solute diffusion coefficient o f 
the PVA has been related to the crystalline volume fraction [137]. PVA hydrogels 
may be formed by physical crosslinking using freeze-thaw cycles [132,138],
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chemical crosslinking with aldehydes [127], and ultraviolet radiation [129]. The 
crosslinking o f the PVA, concentration o f aqueous solution, and molecular weight o f 
PVA can be manipulated to control properties such as the overall water content, 
mechanical strength, and diffusive properties o f the hydrogel. PVA hydrogels have 
hydrophilic properties [127]. Therefore important cell adhesion proteins do not 
adsorb to PVA hydrogels, and as a result, cells are unable to adhere to the hydrogel. 
To improve the compatibility and cell adhesion characteristics o f PVA, different 
biological macromolecules such as collagen, hyaluronic acid, chitosan, fibronectin 
and peptides have been blended with the PVA hydrogels [128]. Cascone et al [128] 
investigated the morphology and porosity characteristics o f PVA containing different 
concentrations o f biological materials. They concluded that when a natural 
macromolecule was added to PVA the internal structure and porosity o f the hydrogel 
changed. Schmedlen et al [129], covalently incorporated the peptide RGDS 
(arginine-glycine-aspartic acid-serine) or RGES (arginine-glycine-glutamic acid- 
serine) to enhance cell adhesion o f human dermal fibroblast cells. Fibronectin has 
also been covalently attached on the surface o f the PVA hydrogel surface to promote 
fibroblast attachment and proliferation [127,139]. Drug delivery from PVA prepared 
by freezing and thawing techniques has been examined previously [140]. The 
inclusion and release o f various drugs (human growth hormone), proteins 
(fibronectin, gelatin) and natural biomaterials (chitosan, dextran) with PVA have also 
been investigated. Oxprenolol release was affected by the number o f 
freezing/thawing cycles [141] which suggests that drug release could be optimised by 
controlling freezing and thawing conditions. It has been demonstrated by Hassan et 
al [142] that as the number o f freeze-thaw increased the rate and overall amount o f 
dissolution o f PVA decreased. It was also shown for PVA hydrogels that as the 
number o f  freeze-thaw cycles were increased enhanced stability during swelling at 
37°C for a 6 month period was evident demonstrating their appropriateness for long 
term biomedical applications [142,143].
Polyethylene gylcol (PEG) hydrogels are also highly hydrophilic and 
intrinsically resistant to cell adhesion. PEG may be crosslinked via ultraviolet 
exposure [144]. A number o f different techniques have been investigated to render 
PEG hydrogels degradable [5]. West and Hubbell [130] created a degradable PEG 
hydrogel which has shown promise for cardiovascular applications [145], by forming
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a block co-polym er o f PEG and a protease-sensitive peptide. Similar to PVA 
hydrogels, cell adhesion ligands (RGD) have been covalently bonded to PEG in 
order to support adhesion and growth o f smooth muscle and fibroblast cells [146]. 
Almany et al [147], crosslinked fibrinogen with PEG and demonstrated that SMC 
could penetrate through the hydrogel material and form interconnecting networks o f 
cells. PEG shows promise as a biomaterial and exhibits versatile physical 
characteristics based on its percentage weight, molecular weight and crosslinking 
density.
2.4.4 Biomaterial Selection
There are a number o f  other different naturally occurring and synthetic 
biomaterials that may potentially be used for cardiovascular tissue engineering 
applications. Naturally occurring or synthetic biomaterials or a combination o f the 
two may be used to form tissue engineered biomaterials. Each biomaterial has both 
advantages and disadvantages to its use. Therefore in order to choose which 
biomaterial (or combination o f biomaterials) is best suited for a given application, a 
comprehensive investigation into the effects on various aspects o f cell behaviour o f 
chemical and physical properties were required.
To develop a biomaterial for cardiovascular applications there are a number 
o f desirable characteristics including tissue like elasticity, permeability, mechanical 
strength and biological compatibility that need to be considered. PVA blended with 
chitosan has been selected. PVA was chosen as the primary constituent as it has been 
shown to exhibit a similar mechanical response to porcine aortic tissue [132] and 
human carotid arteries [148]. PVA has also demonstrated stability during swelling at 
37°C for a 6 month period which indicates its suitability for long term biomedical 
applications [142,143]. PVA has also been used in vivo to coat the arterial wall post 
injury to prevent thrombosis and isolate the arterial wall from blood contact [149]. 
Chitosan has excellent compatibility with living tissue and has been used to increase 
the healing times o f wounds [150]. Chitosan has also been used to enhance cell 
adhesion and proliferation. Cascone at al [ 151] investigated the morphology o f PVA 
combined with chitosan and concluded that a PVA chitosan blended hydrogel 
displayed promise tissue engineering applications and drug release systems. In vitro
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studies have shown that PVA chitosan blended membranes can support vascular cell 
growth [96]. In addition, PVA and chitosan have less batch to batch variability 
compared to naturally occurring biomaterials for example collagen or elastin. This 
enables greater control over the structural properties o f the PVA chitosan blended 
hydrogel. Chitosan is one o f the most abundant biomaterials and is much less 
expensive compared to alternative adhesive proteins (for example fibronectin), that 
could also have been used. Furthermore, superior fibroblast cell attachment and 
growth quality was achieved on PVA chitosan blended membranes compared to 
collagen [97]. It is hoped that the proposed biomaterial will exhibit the structural 
characteristics o f  PVA with the biofunctionality o f  chitosan [152]. It is hypothesised 
that PVA combined with chitosan contains the characteristics required to fabricate a 
biomaterial to mimic the mechanical, structural and physical properties o f  vascular 
tissue and provide the biological signals required to support vascular cell growth in 
vitro.
2.5 Objectives and Proposed Approach
Clearly there are numerous factors that need to be considered in the 
development, synthesis and characterisation o f a biomaterial for use in in vitro or in 
vivo studies. Current experimental bioartificial systems for studying vascular cell 
response to mechanical stimuli do not adequately reproduce the mechanical stress 
and strain environment combined with the oxygen and nutrient transport processes 
experienced in vivo. PVA and chitosan have been identified with the potential to 
support cell viability and initial experiments have shown promising results. The 
control over mechanical properties offered by PVA and its ability to be blended with 
biological macromolecules is very promising for tissue engineering applications.
Although cell adhesion and growth on a biomaterial are o f primary 
importance, biomechanical factors must also be considered in order to study the 
effect o f  vascular cell responses in an appropriate mechanical environment. The 
mechanical properties o f  most materials can be varied through processing techniques, 
although the effect on the biological compatibility may vary from one material to 
another. W ith a view to assessing potential biomaterial properties, the structure and
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mechanical properties o f the artery were reviewed. The challenge is to investigate the 
suitability o f  PVA-chitosan hydrogels to meet the following criteria:
• M acroscopic constitutive behaviour similar to arterial tissue within the 
normal physiological range.
• Structural properties similar to arterial blood vessels when fabricated into 
tubular structures.
• Compatibility and attachment o f EC and SMC to the biomaterial, and effect 
o f  the biomaterial on cell fate.
• Reproducible properties based on constituent materials with consistent 
quality and morphology, and a well controlled processing procedure.
The proposed approach is:
• Structural modelling o f arterial vessels to simulate the effect o f constitutive 
parameters, vessel geometry and residual stresses on vessel behaviour using 
finite element analysis.
• Cellular activity experiments for different blends o f hydrogel using phase 
contrast microscopy, immunocytochemistry staining (DAPI, F-actin, a-actin, 
Von W illebrand Factor) and FACS analysis (cell proliferation and apoptosis 
assays).
• M echanical and morphological investigations using uniaxial tensions tests, 
biaxial inflations tests and SEM analysis.
The layout o f the thesis, and the way in which this investigation is organised, is 
summarised in Figure 2.14.
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Figure 2.14 Schematic detailing the layout of the thesis.
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Chapter 3
Finite Element Analysis Of 
Vascular Wall Mechanics
The arterial wall responds to alterations in its environment by changing its 
composition and morphology. The modifications that occur, which may be inducted 
by, for example, pathological changes in pressure or flow, have a major influence on 
both microscopic and macroscopic properties o f the artery. An increase in shear 
stress on EC can affect the signal transduction o f  shear stress and adapt the smooth 
muscle cell regulation in the vessel, which in turn alters the dilation or constriction 
characteristics o f  a blood vessel. Therefore, in order to develop a biomaterial with 
suitable intrinsic material properties that may be used to fabricate a bioartificial 
vessel with appropriate structural properties, vascular wall mechanics must be 
considered. Numerical modelling approaches were utilised to identify the effect o f 
vessel geometry, material properties and residual stresses on the structural response 
o f an arterial segment. Pressure versus diameter response curves were employed to 
characterise the static structural response o f the artery.
3.1 Geometric Description of Stress Free State
The arterial wall is considered as a cylindrical vessel with homogeneous 
material properties. Under the assumption that there are no external loads in the 
stress free state (Figure 3.1), the (residual) stress required to re-form the unloaded 
configuration has been calculated by Chuong and Fung [51], Fung and Liu [52] and 
Delfino et al. [153]. Residual stresses affect the overall response o f the artery and the
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stress and strain distributions through the arterial wall (for example [45]). It has been 
hypothesised that the circumferential stress in each component o f its wall [45] and 
the strain distribution through the wall are essentially constant [154]. A number o f 
constitutive models have been proposed to describe the behaviour o f  the arterial wall 
which includes residual stresses [15,51,153,155,156]. Holzapfel et al [15] developed 
an anisotropic model in which each layer o f the artery was modelled with a separate 
strain energy function.
Stress Free State Unloaded State Loaded State
Closure Pressuiisation
Figure 3.1 Cross sectional representation of an artery at the stress free state, 
the unloaded state and the loaded state [51]. W hen an unloaded 
arterial ring is cut along its radial axis, the ring springs open (assumed 
stress free state) and the opening angle (a), Ri and Ro may be 
measured. The radial cut reduces the residual stresses in the arterial 
ring because there is a reduction in the strain energy stored.
In the present study an idealised model o f the artery, based on analytical 
development by Chuong and Fung [51], was used to study the effect o f  overall 
structural behaviour o f the artery. In order to analyse the response in an artery, it was 
assumed that a circumferential stress free state existed when an arterial ring was cut 
radially. Each layer o f the artery was considered to be a cylindrical thick walled 
cylindrical vessel whose material was homogenous and anisotropic. Therefore, under 
this hypothesis, the vessel should become a sector o f  constant curvature and 
thickness.
35
3.2 Finite Elem ent Analysis
3.2.1 Geometry
A three-dimensional finite element model was used to reproduce two 
independent stress free configurations o f the intima/media and adventitia. It was 
decided to model the intima/media as one entity due to the fact that very limited data 
is available on the opening angles o f the intima alone. The geometric input data was 
taken from published data for two examples o f non-diseased aged human external 
iliac arteries [59].
Sample 1 was taken from a 75 year old male whereas Sample 2 was from an 
81 year old female (Table 3.1). These two samples were selected as they represent 
two extremes o f  the range o f  values for the opening angles, Sample 1 having much 
smaller opening angles for the intima/media and adventitia layers compared to 
Sample 2. The unloaded radius o f Sample 1 was 5.47 mm which was greater than 
that o f Sample 2 at 4.4 mm. The intima/media opening angle o f Sample 1 was 39 0 
however the corresponding opening angle for Sample 2 was significantly higher at 
122 °. There was also a considerable difference in the opening angle o f the adventitia 
between Sample 1 and Sample 2, 107 0 and 172 0 respectively. Finally, total 
thickness o f Sample 1 was 1.38 mm compared to the 1.06 mm for Sample 2. This 
increase in the thickness was mostly attributed to the difference in the measured 
thickness o f  the intima, which was 0.39 mm for Sample 1 and 0.15 mm for Sample 2.
Figure 3.1 shows the reference configuration (assumed stress free state) o f 
one arterial layer, which corresponds to a circular cylindrical section with an opening 
angle a. Due to the symmetry o f the geometry and the loading conditions o f the 
problem, only half o f  the artery cross section was modelled. The modelled segment 
was associated with the closed (unloaded but stressed) configuration. Using the data 
from Table 3.1, the stress free internal radius (Rt), external radius (R0) and the polar 
angle ( 0 O) o f  the arterial specimens were calculated. 0 O represents half o f  the angle
o f the arterial segment at the stress free state (Figure 3.1). 0 O is related to the 
opening angle (a) by the following equation (3.1):
36
Sample 1 Sample 2
(75 Year Old Male) (81 Year Old Female)
Unloaded r0 (mm) 5.47 4.4
Opening Angles (a)
Intima/Media 39 ° 122°
Adventitia
or-o 172°
Thickness (mm)
Intima 0.39 0.15
M edia 0.59 0.59
Adventitia 0.40 0.32
Total Thickness (mm) 1.38 1.06
Table 3.1 Geometric input data from different arterial specimens. Sample 1 
and Sample 2 are related to Specimen IV and V from Schulze-Bauer 
et a l, Table 2 [59].
ta n ( g /2) =  s in Q o (3.1)
1 -  cos 0 O
Table 3.2 shows the associated geometrical data o f  Sample 1 and 2 for the 
intima, media and adventita, calculated using the data from Table 3.1 (See Appendix 
A).
3.2.2 Uniaxial Tensile Response
The material properties for the intima, media and adventitia used in the 
present analysis are based on uniaxial test data reported for non-diseased tissue o f a 
diseased external iliac artery, excised from a 68 year old male within 24 hr after 
death [33]. The stress versus strain data reported for each layer was acquired from 
uniaxial extension tests from samples o f the tissue cut in the longitudinal and 
circumferential directions (Figures 3.2-3.4). The stress versus strain responses for the 
different layers o f  the artery showed nonlinearity and anisotropy. For all layers the 
longitudinal response was stiffer. The intima is the stiffest layer, the media the softest 
layer and the adventitia demonstrates the most prominent stiffening behaviour at 
larger strains.
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Sample 1 Sample 2
Intima
Ri (mm) 5.18 10.37
R-o (mm) 5.57 10.52
0o 141 58
Media
Ri (mm) 5.57 10.52
R0 (mm) 6.16 11.11
e0 141 58
Adventitia
Ri (mm) 10.50 91.80
i» (m m ) 12.90 92.12
00 73 8
Table 3.2 Calculated polar angle, internal and external radii for stress free 
configuration of the arterial layers of Sample 1 and 2.
Engineering Strain
Figure 3.2 Experimental stress versus strain response o f intima [33]. Tissue 
specimens were cut in both circumferential and longitudinal 
directions. Samples underwent uniaxial extension tests. Data digitised 
from Holzapfel et al [33] using digitising software (xyextract©) and 
converted to engineering stress and stretch Appendix B defines 
engineering stress and strain.
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Engineering Strain
Figure 3.3 Experimental stress versus strain response of media [33]. Tissue 
specimens were cut in both circumferential and longitudinal 
directions. Samples underwent uniaxial extension tests. Data digitised 
from Holzapfel et al [33] using digitising software (xyextract©) and 
converted to engineering stress and stretch.
Engineering Strain
Figure 3.4 Experimental stress versus strain response of adventitia [33].
Tissue specimens were cut in both circumferential and longitudinal 
directions. Samples underwent uniaxial extension tests. Data digitised 
from Holzapfel et al [33] using digitising software (xyextract©) and 
converted to engineering stress and stretch.
3.2.3 Constitutive Model
The mechanical behaviour o f the arterial wall is very complex. In modelling 
the artery, it was important to use a material model which included the key features
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of arterial tissue, including its stiffening non-linearity and the capability to represent 
large deformations.
Tickner and Sacks [157] theory for the study o f  arterial elasticity based on 
finite deformations o f rubber-like incompressible materials assumed the existence o f 
a strain energy density function, W, for the material that is a function o f the principal 
stretches (X\, ^3) or the stretch invariants ( /1, h ,  I3). A constitutive model based on
defining a strain energy density function is termed a hyperelastic model. For a 
hyperelastic material:
where:
dW  dW
S u = —  = 2 —  (3.2)
9 dEi; dCH
Sy = components o f the second Piola-K irchoff stress tensor
Eij = components o f Green-Lagrangian strain tensor
Cij = components o f the right Cauchy-Green deformation tensor
In terms o f  displacements, the general expression for Ey is:
E- - \
du' dUj duk duk
âx~+âx^+ax/. dXj (3.3)
Several forms o f  strain energy functions, in terms o f  the principal strain or 
stretches, have been proposed to fit experimental data from tests on arterial tissue. 
M ost constitutive models have been established to describe the passive properties o f 
arterial tissue [43,158-160]. However, Rachev and Hayashi [161] developed a 
constitutive model for arterial tissue which includes the contribution o f the smooth 
muscle o f the artery in its active state. More recently, Holzapfel et al [15] developed 
a three dimensional anisotropic multi-layer strain energy density function to describe 
arterial tissue.
For this study, the Ogden model for isotropic, incompressible, hyperelastic 
materials has been selected, in order to permit a study o f  the effects o f the intima,
40
media and adventitia geometry, compliance and residual stresses on the overall 
structural behaviour o f blood vessels.
The Ogden model has been formulated to model incompressible hyperelastic 
materials [158]. The Ogden form o f strain energy potential is based on the principal 
stretches which have the form:
N u
W = Y ^ l ^  + r 3a* -  3) (3.4)
fcf«*
where: A~ak = J  3 X[k are the deviatoric principal stretches
juk and a k are material constants established from experimental data fit.
J  =
In order to apply this model, and many similar ones, to the study o f arterial 
tissue the material constants have to be obtained from experimental tests (uniaxial 
and biaxial) on arterial tissue. An artery in vivo primarily experiences uniaxial and 
biaxial tension and uniaxial compression. Therefore an appropriate accurate model 
for arterial tissue would be a constitutive equation based on experimental data from 
uniaxial tension and equibiaxial tension tests, or data from inflation tests o f arteries, 
which combine arterial lumen pressure with axial tension. Although these tests have 
been reported for different arterial types from different species, layer specific data for 
human arteries is very limited.
To determine the hyperelastic constants, ^  and ak o f a 2-parameter Ogden 
model, a non-linear regression routine that is available in Marc/Mentat 
(M scSoftware, Santa Ana, CA, USA) was used to obtain the model that best fits the 
uniaxial data. During the data fitting, the least squares error to be minimised was 
based on absolute errors. The absolute error is defined as follows [162]:
Absolute error = Zfdata measured(z') -  data calculated(z)]2 (3.5)
i
Using the uniaxial experimental data shown in Figures 3.2-3.4 [33] the 
constitutive models to describe each layer o f the artery were determined. The
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material constants to define the Ogden strain energy density function o f the material 
models are given in Table 3.3.
Circumferential M aterial Coefficients (kPa)
Layer Mi Mi «i «2 error
Intima 31.49 1.46x10'4 10462 2453 1.13xl0 '2
Media 2 .68x10 '' 4 .75x10'' 17952 16286 4.68x1 O'5
Adventita 1.02x10 '5 3.22x1 O'5 8924 26234 4.31 xlO '4
Longitudinal Material Coefficients (kPa)
Layer A. V2 «2 error
Intima 11.98 3 .59x l0 '5 29713 13821 4.48xlO 'J
Media 1.44x1 O'6 1.59 14914 15917 3 .52x l0 '4
Adventita 1.21x10'' 7.46x10 '8 31898 31174 7.59X10-4
Table 3.3 Hyperelastic material constants to describe the human external 
iliac arterial tissue for the intima, media and adventitia based on 
experimental data from circumferential and longitudinal uniaxial 
tension tests [33]. The parameters describe a 2 parameter Ogden 
model.
3.2.4 Finite Element Model
To construct a finite element model, details o f  the geometry (Table 3.2), 
constitutive properties o f the artery (Table 3.3), and appropriate loading conditions 
were required. The geometry o f each layer was discretised in the following manner. 
Fourteen and twelve elements were employed through the wall thicknesses (radial 
direction) o f Sample 1 and Sample 2 respectively. In Sample 1, ten elements were 
used for the intima/media layer and four elements were used for the adventitia. The 
intima/media layer o f  Sample 2 was divided into eight elements and the adventitia 
into four elements. Each layer o f the artery was discretised into 240 elements in the 
circumferential direction and had a thickness o f  2 elements in the longitudinal 
direction (Figure 3.5). Sample 1 had a mesh with 6720 elements (12291 nodes) while 
Sample 2 had 5760 elements (10845 nodes). The element type used for the arterial 
tissue was a th ree-dim ensional eight-node isoparam etric w ith an additional ninth
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10 elem ents in
Media
Adventitia
Intima
2 elements in 
longitudinal direction 
(all layers)
y
Figure 3.5 Element divisions in circumferential, radial and longitudinal 
directions for Sample 1.
node for pressure (Element 84 in Marc/M endat) [162]. To model large deformation 
hyperelastic materials using this element, the updated Lagrange framework in 
Marc/Mentat was required to solve for true (Cauchy) stresses and logarithmic strains 
in the updated configuration. In an updated Lagrangian formulation, element 
quantities are determined in the current configuration and are updated during the 
analysis by the current displacements. This prevents premature termination o f the 
analysis due to excessive element distortions. To enforce the incompressibility 
condition necessary for an Ogden material, a series o f parameters (LARGE DISP, 
FOLLOW  FOR, UPDATE, CONSTANT DILATION and ASSUMED STRAIN) 
must be activated within the updated Lagrangian method. The direct constraint 
contact algorithm was implemented to define contact conditions between the intima, 
media and adventitia. Appendix C contains a more detailed description on the contact 
and boundary conditions and Appendix D gives details on the loading process.
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3.3 Results
The pressure versus diameter response at the outer layer o f the artery 
associated with the stress free state was analysed for physiologically loaded 
configurations at different longitudinal stretches (A )^. These were examined for and 
compared to arterial models where the effects o f opening angles (a) were not 
modelled. Finally the circumferential strain at the outer layer o f the artery and the 
circumferential stress distribution through the arterial layers were also examined.
The geometric data o f the arterial segment was chosen such that an initial 
bending (closure) deformation, when applied to the stress free configurations o f the 
layers o f the artery, generated the dimensions o f  the arterial cross section for two 
samples o f human external iliac arteries. The results for all models in the unloaded 
and loaded states were taken along centre line on the x-axis (Figure 3.6).
Figure 3.6 The circumferential data was extracted from the nodes along the 
X axis.
3.3.1 Effect o f Constitutive Properties
The pressure versus diameter response for Sample 1 with and without the 
residual stresses (opening angles and longitudinal stretch) effects were computed for 
models based on the longitudinal and circumferential uniaxial tensile experimental 
data (Figures 3.2-3.4). Figure 3.7 and 3.8 illustrate the difference in the pressure 
versus diameter response o f Sample 1 due to the different constitutive model 
parameters. The uniaxial stress versus strain curves for all layers o f  the artery were 
stiffer in the longitudinal direction in comparison to the circumferential direction. 
This was clearly evident in the pressure versus diameter responses for Sample 1 
without opening angles or longitudinal stretches as shown in Figure 3.7. The addition
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o f opening angles and a longitudinal stretch o f 1.2 also showed that the dramatic 
reduction in the outer diameter for the longitudinal uniaxial input data. The material 
input properties have a significant affect on the overall pressure versus diameter 
response o f  the arterial wall. All future models will be modelled using the 
longitudinal uniaxial input data.
Outer Diameter (mm)
Figure 3.7 Pressure versus diameter plot o f Sample 1 with no opening angles 
and a longitudinal stretch of Xz = 1.0. Sample 1 was simulated with 
the experimental data obtained from the longitudinal and 
circumferential uniaxial tensile tests [33].
Outer Diameter (mm)
Figure 3.8 Pressure versus diameter plot of Sample 1 based with opening 
angles and a longitudinal stretch of Iz  = 1.2. Sample 1 was 
simulated with the experimental data obtained from the longitudinal 
and circumferential uniaxial tensile tests [33].
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3.3.2 Effect of Residual Stresses
Sample 1 was modelled to determine the effect o f increasing longitudinal 
stretch on the pressure versus diameter response o f the artery modelled using 
longitudinal constitutive data. Figure 3.9 illustrates the pressure versus diameter 
response when opening angles are not included while Figure 3.10 plots the 
equivalent response when the effects o f the opening angles are incorporated into the 
model. On both cases a change in the pressure versus diameter response was evident. 
As the longitudinal stretch was increased there was a stiffening effect. Figure 3.11 
shows the pressure versus diameter plot o f Sample 1 with and without opening 
angles with a longitudinal stretch o f ^  = 1.1. In general, the effect o f  opening angle 
and longitudinal residual stress appears to be less critical than the effect o f  
constitutive properties, within the ranges reported by Schulze Bauer et al [59].
Similar characteristics were also evident for Sample 2 (See Appendix D, 
Figures D1-D3), and similar conclusions can be drawn.
Outer Diameter (mm)
Figure 3.9 Pressure versus diameter plot of Sample I with no opening angles 
(a) and longitudinal stretches o f ki  = 1.0, 1.05, 1.1 and 1.2 
respectively. Sample 1 was simulated with the experimental data 
obtained from the longitudinal uniaxial tensile tests [33].
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Outer Diameter (mm)
Figure 3.10 Pressure versus diameter plot of Sample 1 with opening angles (a) 
and longitudinal stretches of Iz  = 1.0, 1.05, 1.1 and 1.2 
respectively. Sample 1 was simulated with the experimental data 
obtained from the longitudinal uniaxial tensile tests.
Outer Diameter (mm)
Figure 3.11 Pressure versus diameter plot o f Sample 1 with and without 
opening angles (a) and a longitudinal stretch o f Az = 1.1. Sample 1 
was simulated with the experimental data obtained from the 
longitudinal uniaxial tensile tests.
3.3.3 Comparison of Sample 1 and Sample 2
The pressure versus circumferential stretch plot shown in Figure 3.12 
illustrates the difference in the Samples 1 and 2. Sample 1 displays significantly
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lower circumferential stretch compared to Sample 2. Since plot samples are 
simulated with the same constitutive properties, the differences can be attributed to 
the differences in the stress free configurations and the geometries (initial outer 
diameter and wall thickness). However, as previously shown in Figure 3.11, the 
opening angle did not have a significant effect on the pressure versus diameter 
response. Therefore the circumferential stretch increase for Sample 2 can be 
attributed to a smaller unloaded radius and total wall thickness.
Circumferential Stretch
Figure 3.12 Pressure versus circumferential stretch plot of Sample 1 and 
Sample 2 with opening angle effects and a longitudinal stretch of 
= 1.1. Both samples were simulated with the same experimental 
data obtained from the longitudinal uniaxial tensile tests.
3.3.4 Comparison of Sample 1 and Equivalent Experimental Data
Schulze Bauer et al [59] reported passive biaxial inflation experiments on 
intact iliac arterial vessels, including Sample 1 and Sample 2 described above. The 
results they obtained can be compared to the predictions o f the finite element models, 
with the caveat that the constitutive properties used in the model are based on data 
from different specim ens. A significant difference was identified betw een the 
predicted and experim ental pressure versus circum ferential stretch responses o f  
Sam ple 1 for longitudinal stretches o f  1.0 and 1.1 (Figure 3.13). W hile exact 
matching o f the responses was not expected because the constitutive data was based 
on different subjects, similar overall characteristic behaviour was not evident. The
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(A)
(B)
Circumferential Stretch
Figure 3.13
Circumferential Stretch
Experimental and numerical pressure versus circumferential 
stretch plots of Sample 1 with longitudinal stretches of: (A) ^  =
1.0 and (B) ^  = 1.1. Sample 1 was simulated with the experimental 
data obtained from the longitudinal uniaxial tensile tests [33]. 
Numerical simulation with and without opening angle effects were 
compared to the experimental data for corresponding sample. 
Experimental data digitised from Schulze-Bauer et al [59] (using 
xyextract© digitising software).
plots for the numerical data with opening angles were adjusted as the experimental 
data assumed that the initial unloaded circumferential stretch (Stretch = 1) 
represented the closed vessel configuration. Both plots illustrated the complex 
nonlinear deformation behaviour for Sample 1. The circumferential stretch decreases 
with higher longitudinal stretches for both the experimental and numerical results. A
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stiffening effect at higher transmural pressures was evident in the experimental data, 
which is typical for all arteries. A less pronounced stiffening response was observed 
for the numerical models o f Sample 1, with or w ithout opening angles. The model 
does not show good agreement with the published experimental data, but it should be 
remembered that the model is based on constitutive data from a different subject.
3.4 Discussion
The effect on the structural response o f arteries with and without residual 
stresses (opening angles and longitudinal stretches) was investigated based on 
published mechanical properties. The results indicated that circumferential stretch 
decreases with higher longitudinal stretch under internal pressurisation. However, the 
stiffening effect that is apparent for all artery types [59] at higher transmural 
pressures was not evident in the models. Arterial models that incorporated opening 
angles displayed a similar response to those where the opening angles were not 
included, despite the fact that literature shows that residual stresses have a significant 
affect on the stress and strain distribution through the thickness o f  the arterial wall 
[51]. The constitutive properties and the geometry were the two most significant 
parameters affecting the pressure versus diameter and pressure versus circumferential 
responses in the arterial models.
Three possible reasons why the overall response o f  the arterial models did not 
conform to the typical behaviour expected for arterial specimens; the use o f an 
isotropic constitutive model, the fact that the uniaxial data used to determine the 
model coefficients was from a different subject and the mesh density. The isotropic 
hyperelastic material was based on uniaxial data alone, due to the fact that biaxial 
data was not available for the different layers o f the artery. Ideally both uniaxial and 
biaxial constitutive responses would have been used when determining the constants 
used in the Ogden model.
Least squares curve fitting o f uniaxial experimental data also implied that the 
other strain states (biaxial) were described by the model. However, these predicted 
states could have had a significantly different response to experimental data. A more 
appropriate isotropic model for arterial tissue would be a constitutive equation based
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on experimental data from uniaxial and biaxial tension tests or data from inflation 
experiments with arteries, which combine arterial lumen pressure with longitudinal 
tension. Inclusion o f constitutive models based on experimental biaxial data for each 
layer o f the artery would be expected to lead to a less compliant vessel response.
Although a number o f element sizes and aspect ratios were investigated to 
validate the model, an increase in the length o f the artery in the longitudinal direction 
and in the overall mesh density would also be expected to improve the accuracy o f 
the finite element model.
3.5 Conclusions
This chapter presented an exploratory investigation o f the effect o f different 
vessel geometries, longitudinal and tangential residual stresses and constitutive 
properties on the mechanical response o f  an arterial vessel to transmural pressures. 
The modelling approach incorporates the individual constitutive properties and 
opening angles o f  the intima, media and adventitia components o f the iliac arterial 
wall, but does not account for anisotropy, fluid dynamics or three dimensional 
geometric effects.
The conclusions from this study are as follows:
• The effect o f  constitutive (stress versus strain) properties on the response o f 
the arterial vessel is significant.
• The effect o f  opening angle (related to tangential residual stress) on the 
structural response o f  the iliac artery to internal pressurisation may be 
considered relatively small, in the range o f  constitutive and geometric 
properties considered here.
• The effect o f  longitudinal stretch (related to longitudinal residual stretches) is 
also small by comparison with the effects o f  constitutive response.
Based on these observations, the critical importance of replicating the constitutive 
properties o f  arterial tissue for the model vessel is clear.
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Chapter 4 
Vascular Cell Activity
PVA hydrogels and other hydrogels have been considered for applications in 
the field o f tissue engineering for a wide variety o f  tissues and organs [5]. 
Individually PVA and chitosan hydrogels possess many attractive characteristics for 
use in tissue engineering applications. Combining PVA and chitosan to form a new 
biomaterial combines the structural properties o f PVA with the biological properties 
o f chitosan. The purpose o f this aspect o f the study was to biologically evaluate 
vascular cell activity on membranes o f polyvinyl alcohol hydrogels (PVA) blended 
with chitosan. The attachment and growth o f bovine aortic endothelial (BAEC) and 
smooth muscle cells (BASMC) on the PVA-chitosan modified hydrogels was studied 
to determine the effect o f membrane composition on cell activity by comparison to 
cells cultured under control conditions. Successful adhesion o f both cell types is a 
prerequisite to the use o f PVA-chitosan blended hydrogels as a tissue mimicking 
biomaterial for in vitro cell culture experiments. Cell adhesion on the surface o f the 
membranes was examined by phase contrast microscopy and scanning electron 
microscopy (SEM). Cell morphologies were studied using immunocytochemistry 
techniques to establish whether the fabricated membranes had any detrimental effects 
on the structure and composition o f the cultured cells. Fluorescent activated cell 
sorter (FACS) analysis was used to determine cell proliferation and viability under 
static and shear culture conditions. Figure 4.1 illustrates the tests conducted to 
biologically evaluate the use o f PVA-chitosan hydrogel as a potential biomaterial.
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Figure 4.1 Schematic detailing the series of tests conducted to biologically 
evaluate the PVA-chitosan membranes.
4.1 M aterials
PVA crystals with an average molecular weight o f 78400 g/mol were 
purchased from Vassar Brothers Medical Center, N ew York, US. Water-insoluble 
chitosan powder with a molecular weight o f 810000 g/mol and 85 % degree o f de- 
acetylation was supplied by Sigma Aldrich, Poole Dorset, UK. In its most common 
form, chitosan does not dissolve in water, therefore a solvent is required to dissolve 
the chitosan. However, the non-physiological pH level o f the solvent inhibits cell 
adhesion and growth. In order to promote cell adhesion, the substrate must have a pH 
level in the range o f  7.4. W ater-soluble chitosan with a de-acetylation degree o f 85 % 
was purchased from Jinan Haidebi Marine Bioengineering Co. Ltd, China. The PVA 
crystals and chitosan powders were used as supplied without further purification. The 
chemical structure o f the PVA and chitosan is shown in Figure 4.2.
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Figure 4.2 Chemical structure of PVA and chitosan.
All general purpose chemicals and reagents used in the biological 
experimental work were o f analytical grade, and were purchased from the companies 
indicated in section 4.2.2. All cell culture plastic-ware was purchased from Sarstedt 
(Drinagh, W exford, Ireland).
4.1.1 Biological Materials
Cell Lines
Bovine aortic smooth muscle cells (BASMC, Product No. B355-25) and 
endothelial cells (BAEC, B305-25) were purchased from Cell Applications Inc. (CA, 
USA). Bovine aortic SMC and EC were chosen as they closely mimic human 
vascular cells in size and behaviour and are more commonly commercially available 
than human vascular cells.
Stains and Antibodies
4'-6-Diamidino-2-phenylindole (DAPI) and the monoclonal anti-a smooth 
muscle cell actin were purchased from Sigma Aldrich Chemical Company (Poole, 
Dorset, England). The polyclonal rabbit anti-human Von W illebrand factor were 
purchased from Dakocytomation (Galway, Ireland). The Alexa-fluor phalloidin and 
conjugated secondary antibodies were purchased from M olecular Probes (Dublin, 
Ireland).
54
4.1.2 C om m ercial K its
The following commercial kits were used:
M olecular Probes (Dublin, Ireland)
VybrantTM  CFDA SE Cell Tracer Kit 
VybrantTM  Apoptosis Assay Kit #2
4.1.3 Chemical & Biological Reagents
The following commercial kits were used:
PALL Corporation (Dun Laoghaire, Ireland)
Acrodisc 32 mm 0.2 jim syringe filters
Sigma Chemical Company (Poole, Dorset, England) 
4,-6-Diamidino-2-phenylindole (DAPI)
Acetic Acid
Bovine Serum Albumin (BSA)
Dimethlysulphoxide (DMSO)
Foetal Bovine Serum (FBS)
Formaldehyde
Hanks Balanced Salt Solution (HBSS)
Penicillin-Streptomycin (lOOx) (P/S)
Potassium Chloride 
Potassium Hydroxide 
Potassium Phosphate 
RPMI-1640 Medium 
Sodium Chloride 
Sodium Phosphate 
Sodium Sulphate 
Triton X-100
Trypsin-Ethlyenediamine Tetracetic Acid (EDTA) solution (lOx)
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4.2 M embrane Fabrication Methods
4.2.1 Hydrogel Preparation
A 10 % PVA solution and a number o f  water-soluble and insoluble chitosan 
solutions were prepared and stored in autoclave bottles. The PVA was then blended 
with the chitosan solutions at various weight per volume ratios (Table 4.1). Each 
hydrogel was abbreviated as PVA-chitosan WS-X and PVA-chitosan IS-X (X 
referring to the percentage weight per volume ratio o f the chitosan solution, WS to 
water soluble and IS meaning insoluble in water, eg: PVA-chitosan IS-0.5, a 10 % 
PVA solution blended with a 0.5 % water-insoluble chitosan solution). A pure 
hydrogel membrane containing no chitosan was also prepared. Table 4.1 shows the 
% concentrations o f PVA and chitosan used in each solution.
Solution Name Water
(% )
PVA
(% )
Acetic 
Acid (%)
Chitosan
IS (%)
Chitosan
WS (%)
PVA 90 10
PVA-Chitosan IS-0.5 54 6 39.8 0.2
PVA-Chitosan IS-1 54 6 39.6 0.4
PVA-Chitosan IS-2 54 6 39.2 0.8
PVA-Chitosan WS-0.5 93.8 6 0.2
PVA-Chitosan WS-1 93.6 6 0.4
PVA-Chitosan WS-2 93.2 6 0.8
PVA-Chitosan WS-6 91.6 6 2.4
Table 4.1 Percentage weight per volume ratios o f PVA-chitosan solutions.
The 10 % PVA solution was prepared as follows: 100 g PVA crystals were 
added to an autoclave flask containing 900 ml distilled water and stirred for 30 min 
using a magnetic stirrer. The flask was then covered and weighed prior to 
autoclaving for 1 hr at 121 °C, and then re-weighed. The weight o f the evaporated 
distilled water was added to the PVA solution until the flask was back to its pre­
autoclave weight. The solution was immediately placed onto a magnetic stirrer for 2 
hr to complete mixing. A sterile, homogeneous, clear solution was formed and stored 
in a sealed sterile container at room temperature until casting.
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The water-insoluble chitosan powder was dissolved in an aqueous solution o f 
0.2 M acetic acid. The solution was stirred with a magnetic stirrer for 24 hr to ensure 
full chitosan dissolution and 0.5 %, 1.0 % and 2.0 % water-insoluble chitosan stock 
solutions were subsequently prepared.
The water-soluble chitosan was dissolved in distilled water until complete 
dissolution was achieved. Water-soluble chitosan solutions o f 0.5 %, 1.0 %, 2.0 % 
and 6.0 % concentrations were also primed. Both water-soluble and -insoluble 
chitosan solutions were found to be stable at high temperature which permitted 
sterilisation by autoclaving on a liquid setting at a temperature o f  121 °C for 30 min 
(Cited from [96]).
4.2.2 Blending Techniques
The mechanical properties o f the PVA-water-insoluble chitosan membranes 
are controlled by two polymerisation processes; freeze-thaw cycles and submersion 
in a coagulation bath. The coagulation bath consists o f  distilled water with 7.5 % 
Potassium Hydroxide (KOH) concentration. Sodium disulphate (Na2SÜ4) was stirred 
in, until saturated.
Polymerisation o f the PVA in the PVA-chitosan solution occurs during the 
freeze-thaw cycles. Hydrogen bonding between hydrophilic and polar groups 
provides some crosslinking. Freezing generates crystal nuclei, which grow into 
crystals upon thawing and act as crosslinking sites for the polymer. Further freezing 
produces areas o f pure ice crystals forcing polym er molecules to come into closer 
proximity. During the thawing process the molecules that are in close proximity 
realign and bond to form crystallites [132]. As these crystallites grow in number and 
size, a rubber-like gel is formed.
Polymerisation in the coagulation bath is known as “phase inversion- 
immersion precipitation”. Phase inversion-immersion precipitation was used to 
polymerise the water-insoluble chitosan in the PVA-water-soluble chitosan solution 
after the freeze-thaw cycles in addition to promoting PVA crosslinking [163]. The 
non-solvent (coagulation bath solution) begins to diffuse into the PVA-chitosan
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matrix and the solvent in the PVA-water-insoluble solution (water and acetic acid) 
begins to diffuse into the coagulation bath. The mechanical properties o f the PVA- 
chitosan membranes can be influenced by the PVA and chitosan concentrations, the 
ratio o f the PVA-chitosan blends, the number o f freeze-thaw cycles, the rate at which 
these cycles are completed in addition to the choice o f solvent (water and acetic acid) 
and the nonsolvent (the coagulation bath) [132].
In order to polymerise the PVA-water-soluble chitosan membranes, the 
solution was subjected to freeze-thaw cycles. The PVA-water-soluble and insoluble 
chitosan solutions were frozen at -20 °C for a set time and allowed to thaw. 
Following this, the PVA-water-insoluble chitosan structures were placed in a 
coagulation bath. It was noted however, that the water soluble chitosan did not 
polymerise during the freeze-thaw process. Therefore after the freeze-thaw cycle the 
membranes were placed in the coagulation bath to polymerise the chitosan in a 
similar manner as the PVA-water-insoluble membranes.
4.2.3 Fabrication o f Hydrogel Membranes
The 10 % w/v aqueous PVA solution was heated in a 100 °C water bath for 
30 min, to decrease its viscosity and improve its ability to be poured. It was 
necessary to slightly loosen the autoclave bottle lid to prevent over pressurising this 
container. The container was removed from the boiling water, the lid tightened and 
slowly rotated to ensure thorough mixing o f the PVA. The water-insoluble chitosan 
solutions (0.5 %, 1.0 % and 2.0 %) were each blended into a 10 % PVA solution at 
ratios o f 3:2. This was repeated for 0.5 %, 1.0 %, 2.0 % and 6.0 % water-soluble 
solutions (Table 4.1).
A perspex mould was manufactured to fabricate the PVA-chitosan blended 
membranes for the cell culture experiments (Figure 4.3). The mould consists o f a 
base plate and top plate, screwed together with 6 screws and was capable o f 
fabricating membranes with a diameter o f 34 mm and thickness o f 0.5 mm. The 
hydrogel filled moulds was placed in a freezer at -20 °C and frozen for 12 hr and 
subsequently thawed at room temperature for a further 12 hr. After the freeze-thaw 
cycle had been completed the PVA-chitosan membranes were placed into a sterile
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coagulation bath solution for 60 min which had been sterilised using acrodisc™  32 
mm diameter with 0.2 [im syringe filters to polyermise the chitosan in the PVA- 
chitosan solution. Finally the membranes were stored in distilled water at room 
temperature in order to retain moisture and prevent dehydration for up to 1 week. 
Forty eight membranes o f PVA-chitosan solution were fabricated. Figure 4.4 details 
a summary o f  the PVA-chitosan hydrogel membrane preparation process.
Figure 4.3 Mould for manufacturing PVA-chitosan membranes for cell 
culture experiments. M embranes had a diameter o f 34 mm and depth 
o f 0.5 mm.
4.3 Vascular Cell Culture Methods
All cell culture procedures were performed using aseptic techniques in a 
sterile environment created by an Aura 2000 m.a.c. laminar airflow cabinet (Bioair 
Instruments, Italy). Cells were visualised using an Olympus BX51 (Olympus, Japan) 
phase contrast microscope and the images were taken with an Olympus DP50 camera 
Olympus (Olympus, Japan), which was attached to the microscope. A Becton 
Dickinson  FACSalibur instrument (Becton Dickinson UK, Oxford, UK) was used to 
determine the proliferative activity and apoptotic behaviour o f the vascular cells.
4.3.1 Culture of Vascular Cells
The BASMC and BAEC were seeded on 175 cm 2 sterile polystyrene flasks 
with an initial cell seeding density o f 3000 cells / cm2. The cells were cultured in 
RPM I-1640 medium supplemented with 10 % foetal bovine serum (FBS), 1 % 
penicillin-streptomycin (P/S) in a Hera water jacketed cell culture incubator (an
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apparatus in which environmental conditions, such as temperature and humidity are 
controlled). A humidified atmosphere o f 5 % CO2, 95 % air and a temperature o f 37 
°C was maintained.
Figure 4.4 Schematic detailing the PVA-chitosan hydrogel membrane 
preparation process.
After the culture reached full confluency, the cells were routinely sub­
cultured using a trypsinisation method. Tryspin is an enzyme that degrades adhesion 
proteins that allow cells to attach to the flask thus facilitating safe removal and 
transfer o f  cells. This method involved removal o f the RPM I-1640 growth media 
from the cells, and two subsequent washes o f the cells with Hanks Balanced Salt 
Solution (HBSS). The cells were then incubated with 1 X Trypsin/Ethlyenediamine 
Tetracetic Acid (EDTA), diluted from the 10 X stock solution with HBSS. Typically 
1 ml o f 1 X Trysin/EDTA was used per 25 cm2 tissue culture flask area. The cells 
were then incubated at 37 °C for 5 min, or until the cells had detached from the flask. 
RPM I-1640 growth media was then added to the flask to neutralize the
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trypsin/EDTA (an equal volume o f RPM I-1640 growth media to trypsin/EDTA was 
typically added). The cell suspension was then removed from the flask, and 
centrifuged at 3,500 rpm for 5 min. The supernatant was subsequently removed, and 
the cells were re-suspended in fresh growth medium. Cells were fed every 2-3 days 
with RPM I-1640 growth media, and routinely sub-cultured at 90-100 % confluency. 
The cells were used up to eighteen passages o f subculture after the primary culture. 
Smooth muscle cells displayed typical spindle shaped morphology and hill and 
valley pattern o f growth in culture, while endothelial cells exhibited circular shaped 
morphology and grew on monolayers only.
4.3.2 Cell Counting
Prior to cell seeding, the density o f the EC or SMC suspension was measured 
using a Sigma bright line haemocytometer, in order to determine the approximate 
number o f cells that were seeded onto the PVA-chitosan membranes. The 
haemocytometer (EC or SMC counting chamber) was first carefully cleaned with 
lens tissue paper and ethanol. Then a homogenous cell suspension o f the culture to be 
counted was prepared and a drop o f cell suspension was used to fill the 
haemocytometer counting chamber. Cell suspensions were diluted enough so that the 
cells did not overlap each other on the grid and were uniformly distributed. 
Following visualization under 10 X magnification, the number o f cells were counted 
in each o f the four outer quadrants o f the haemocytometer (Figure 4.5). The average 
o f these four counts was equal to the number o f cells x 104/ ml o f cell suspension.
Figure 4.5 H aem ocytom eter counting grid.
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4.3.3 C ell Storage and R ecovery
For long-term storage o f cells, freshly trypsinised and pelleted cells, as 
described in section 4.4.1, were re-suspended in freezing down media (RPMI-1640, 
20 % FBS, 1 % P/S and 10 % DMSO) and transferred to sterile cryovials. Typically 
cells from a 175 cm2 tissue culture flask were re-suspended in 3 ml freezing down 
media, and stored in 1 ml aliquots. The cryovials were then placed in a Nalgene 
cryofreezing container, and placed in the -80 °C freezer overnight. This allows for 
gradual freezing o f the cells at a rate o f -1 °C/min. Cells were then transferred to the 
Thermoylen locater junior cryostorage system for long-term storage in liquid 
nitrogen, the levels o f which were monitored regularly.
Recovery o f  cells from liquid nitrogen storage involves rapid thawing o f a 1 
ml aliquot, and the immediate addition o f the aliquot to 9 ml o f RPM I-1640 growth 
medium when thawing occurs. Cells were then centrifuged at 3,500 rpm for 5 min, 
resuspended in 1 ml o f  RPMI growth medium, and added to 14 ml o f medium in a 75 
cm2 tissue culture flask. M edia was changed the following day, and cells were 
routinely sub-cultured before being used in an experiment to ensure complete 
recovery.
4.3.4 Cell Seeding onto PVA-chitosan Blended Hydrogels
PVA-chitosan membranes were opaque, making it difficult to visualise EC or 
SMC adherence and to perform immunocytochemistry staining techniques (See 
section 4.6). Therefore, prior to cell seeding, the membranes were baked in an oven 
at 60 °C for 24 hr. The membranes became transparent allowing phase contrast 
microscopic images to be obtained. Oven baking the membranes, while changing the 
mechanical properties, did not change the chemical structure o f the material as both 
PVA and chitosan are stable at high temperatures (Cited from [96]). Following this, 
the 34 mm diameter PVA-chitosan membranes (Figure 4.6, A) were rinsed 
extensively in distilled water and soaked for 12 h in sterile RPM I-1640 medium to 
equilibrate membranes to pH 7.4. The prepared membranes were then placed in the 
base o f a 6-well tissue culture polystyrene plate. A sterilised nylon ring (Figure 4.6 
B) with an outer diameter o f 34 mm and an inner diameter o f  20 mm was placed on
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top o f each o f the membranes in the wells to prevent them from floating (Figure 4.7). 
Aliquots (1 ml) containing 1.3 x 104 EC or 6.8 x 103 SMC were applied to the 
surface o f each membrane or control wells (wells without membranes), as calculated 
using a haemocytometer as previously described. The cells were routinely fed with 
fresh media every 48 hr. All samples (PVA-chitosan membranes and control wells) 
were then cultured for 24-96 h prior to analysis.
Figure 4.7 6-well culture plate with membranes and nylon inserts.
4.4 Vascular Cell Morphology
For morphological observation, the PVA-chitosan membranes seeded with 
cells were washed with 1 ml 3 % formaldehyde in PBS for 15 min at room 
temperature. This functions as a fixative, fixing the cells to the surface o f  the 
membrane. The cells were then washed twice with 1 ml PBS for 3 min. Phase 
contrast microscopy and SEM were used to analyse cell adherence on the PVA- 
chitosan membranes. In addition DAPI (4'-6-Diamidino-2-phenylindole) staining 
was performed on the PVA-chitosan membranes in order to determine cell viability.
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These dyes bind with deoxyribonucleic acid (DNA) inside the cell and readily 
fluoresce.
4.4.1 Scanning Electron Microscopy
Cell adherence on the PVA-chitosan blended membranes were analysed by a 
Hitachi S 300N scanning electron microscopy (SEM) (Hitachi Science Systems Ltd, 
Japan). The SEM is a microscope that uses electrons rather than light to form an 
image and provides nanometer resolution o f a sample. Samples must always be 
viewed under vacuum. This technique permits images o f  samples at great resolution 
(0-180kX magnification) and depth o f field. In order to examine the PVA-chitosan 
hydrogel membranes, the cells were first fixed to the surface o f  the membranes using 
3 % formaldehyde in PBS for 15 min. They were frozen overnight at -80 °C and 
then freeze-dried in a Labconco Freeze Dry Freezone System (Labconco 
Corporation, USA) for 6 hr. Prior to examination, the hydrogel specimens were 
mounted on aluminium stubs. Images were acquired using a Hitachi S 300N SEM 
and analysed with SEM Image Analysis software (Oxford Instruments, 
M icroanalysis Group, Halifax Road, High Wycombe, Bucks HP 12 3SE, UK).
4.4.2 4 ’-6-Diamidino-2-phenylindole (DAPI) Staining
To assess cell viability and adherence o f  EC and SMC to the PVA-chitosan 
membranes the blue fluorescent dye, DAPI was utilised to stain the nuclei o f the 
living cells. Cells are considered to be healthy when homogenously glowing bright 
blue [164].
After fixing the cells to the membrane in 3 % formaldehyde, permeabilising 
the cells in 0.2 % Triton X for 15 min, DAPI stock (lm g/m l) was diluted in distilled 
water at a ratio o f 1:2000 and added to the membranes for a maximum o f 3 min. 
DAPI is light sensitive so it was necessary to cover the wells with tin foil. The cells 
were washed with 1 ml PBS twice. The cells were viewed under an Olympus BX51 
microscope and the images were taken with an Olympus DP50 camera, which was 
attached to the microscope. DAPI was visualised using a filter with an excitation and 
emission wavelength o f  370 nm and 420 nm. The viable nuclei present stained blue.
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4.5 Im m unocytochem istry
Immunocytochemistry is a technique used in molecular biology to characterise 
the structure and function o f proteins and their role in cell replication and the 
transmission o f genetic information and allows for visualisation o f  the presence and 
subcellular localisation o f  proteins within a cell. Immunocytochemistry is based on 
antigen-antibody interactions, an antibody X being specific to an antigen X. Primary 
monoclonal antibodies bind specifically to the proteins o f interest in the cells and 
secondary antibodies, specific to the primary monoclonals, containing a fluorescent 
tag, bind to the primary antibodies. The addition o f  an ultraviolet light source causes 
fluorescence specific to the secondary antibody tag, which in turn allows 
quantification o f protein o f interest (Figure 4.8).
UV Light
Fluorescent Tag
Fluorescence relative 
to Primary Antibody
Secondary Antibody
Vascular Cells Primary Antibody
PVA-Chitosan Membrane
Figure 4.8 Schematic diagrams depicting the immunocytochemistry 
detection process.
4.5.1 Actin
Actin is a contractile protein that is abundantly expressed in vascular cells. 
The shape, structure and motions o f cells are largely supported by microfilaments o f 
actin. Intertwined actin microfilaments fill the cytoplasm o f cells forming a 
“cytoskeleton”. This gives the cell shape and form as well as providing a scaffold for 
organisation. Actin microfilaments lie in parallel to the thick filaments o f myosin in 
muscle cells. In muscle contraction, actin microfilaments alternately chemically link 
and unlink with thick myosin filaments in a sliding action. Actin also functions in the
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motility o f non-muscle cells and for cell contraction during cell division [165,166]. 
In order to identify the presence o f actin and investigate the morphology o f the 
vascular cells on the PVA-chitosan membranes, two forms o f  actin were examined, 
filamentous actin (F-actin) specific to EC and a-actin specific to SMC. a-Smooth 
muscle cell actin recognises the a-smooth muscle isoform o f actin.
F-Actin Staining  - EC
The EC were fixed to the PVA-chitosan membranes with 3 % formaldehyde 
in PBS solution, as previously described in section 4.5. The cells were then washed 
twice with 1 ml PBS. To permeabilise the cells, a 0.1 % Triton X-100 in PBS 
solution was added to the cells for 5 min at room temperature. The cells were washed 
three times with PBS for 3 min. In order to ensure that non-specific background 
staining was at a minimum, the fixed cells were pre-incubated in PBS containing 1 % 
bovine serum albumin (BSA) for 30 min at room temperature. The cells were then 
washed twice with 1 ml PBS for 12 min.
Alexa Fluor 546 phalloidin was used to detect F-actin in EC. Samples were 
incubated in fluorescent phallotoxin at a concentration o f  200 units/ml for 20 min at 
room temperature while being gently agitated on an orbital shaker. The cells and 
membranes were washed three more times for 3 min and then viewed under an 
Olympus B X 51 microscope using a fluorescent filter with an emission wavelength o f 
590 nm and an excitation o f 530-550 nm. The presence o f  F-actin in endothelial cells 
was indicated by red stained filaments and images were captured with an Olympus 
DP50 camera. Analysis o f the orientation o f the F-actin filaments in the BAEC, 
enables the morphological changes o f the cells as they adhere to the PVA-chitosan 
membranes to be determined.
a -Smooth M uscle Cell Actin  - SM C
The structure and orientation o f anti a-sm ooth muscle actin fibres was 
examined in order to determine whether there was a significant change in the 
structure and com position o f the BASMC that adhered to the PVA-chitosan 
membranes compared to the those cultured on control wells.
The SMC were fixed to the PVA-chitosan membranes as previously
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described in section 4.5. The cells were then washed twice with 1 ml PBS for 3 min 
and then permeabilised with 1 ml 0.2 % Triton X-100 diluted in PBS at room 
temperature for 5 min. Cells were again washed twice for 3 min with 1 ml PBS per 
well. After the fixation and permeabilisation steps, the cells were blocked with 1 % 
BSA in PBS for 30 min in order to prevent non-specific protein interactions between 
the membrane and the primary antibody. The cells were washed twice with 1 ml 
PBS for 12 min.
The cells were then incubated with the primary antibody solution for 2 hr. 
The primary antibody used was monoclonal anti-a-sm ooth muscle cell actin which 
was diluted in blocking solution (1 % BSA) at a ratio o f  1:300 and added to each 
well. The 6-well culture plate was placed on an orbital shaker and gently agitated 
during incubation. The cells were then washed with 1 ml PBS three times, for 3 min 
each time.
Anti-mouse Alexa Fluor 488 was the secondary antibody used and was 
diluted at a ratio o f 1:800 in blocking solution. This antibody is light sensitive so it 
was necessary to cover the 6-well culture plates with tin foil. Plates were gently 
agitated on an orbital shaker and incubated at room temperature for 1 hr. A negative 
control was also conducted where a well o f the plate was incubated with the 
secondary antibody in order to access fluorescence due to background signal. Finally 
the cells were washed twice in 1 ml PBS and then viewed under an Olympus BX51 
microscope using a fluorescent filter with an emission wavelength o f  515 nm and an 
excitation o f  460-490 nm. The presence o f anti- a-sm ooth muscle actin in SMC was 
indicated by intense fluorescent green stained filaments throughout the cell and 
images were captured with an Olympus DP50 camera.
4.5.2 Von W illebrand Factor
The expression o f Von W illebrand Factor, a clotting protein, is confined to 
EC. Von W illebrand Factor acts like a glue that helps platelets stick together at the 
site o f blood vessel injuries [167]. If this clotting factor is not present in EC, it would 
cause prolonged bleeding after an accident or injury. Von W illebrand Factor also 
carries clotting factor VIII, another protein that helps blood to clot [167]. Therefore
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this factor was used in order to identify BAEC on the PVA-chitosan blended 
membranes.
Before incubation o f the primary and secondary antibodies, the cells on 
membranes were fixed with 3 % formaldehyde in PBS, permeabilised with a 0.1 % 
Triton X-100 in PBS and blocked with a 1 % BSA-PBS solution as described in 
section 4.6.21 The procedure used was as previously described for anti-a-smooth 
muscle cell actin, however appropriate antibodies and dilutions were chosen to 
determine the presence o f the Von Willebrand Factor. The primary antibody, 
polyclonal rabbit Anti-Human Von Willebrand Factor was diluted in the blocking 
solution at a ratio o f 1:400. The secondary antibody, anti-rabbit Alexa Fluor 488 was 
diluted at a ratio 1:600 in blocking solution. Negative controls were also 
incorporated. The Von W illebrand stain was visualised with a filter that had an 
excitation o f 460-490 nm and emission wavelength 515 nm. The presence o f Von 
W illebrand in the EC was indicated by an intense fluorescent green stain scattered 
throughout the cell.
Table 4.2 lists the immunocytochemistry antibodies (primary and secondary) 
and the dilutions that were employed to determine various growth characteristics o f 
the BAEC and BASMC.
4.6 Cell Fate
Numerous factors including mechanical forces, vasoactive substances and 
interactions between cells can affect vascular cell physiology and behaviour. 
Vascular cell fate defines the change in a cellular response to various stimuli. Cell 
fate may be divided into four main categories; proliferation, differentiation, 
migration and apoptosis. An increase in the number o f cells as a result o f growth and 
division o f  cells is known as cell proliferation. Differentiation is the change in 
phenotype (change in function due to change in environment) o f cells. M ovement o f 
cells across and along the arterial wall is known as migration, while apoptosis is the 
process o f programm ed cell death. In this study cell proliferation and apoptosis in 
both vascular BAEC and BASMC on a selected PVA-chitosan membrane was 
exam ined. A fluorescence-activated cell sorter (FACS) was used to determ ine the
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Stain Type Cell Type Primary Antibody / Stain Dilution Secondary Antibody Dilution
DAPI EC, SMC DAPI Reagent 1 mg/2000 hJ
F-actin EC Alexa Fluor 546 phalloidin 1:40
a-Actin SMC Monoclonal Anti-a-Smooth Muscle 
Actin Clone 1A4
1:300 Anti-mouse Alexa Fluor 488 1:800
Von
Willebrand
EC Polyclonal Rabbit Anti-Human Von 
Willebrand Factor
1:400 Anti-rabbit Alexa Fluor 488 1:600
Table 4.2 Summary Table of Immunocytochemistry Antibodies and Stains
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proliferative activity and apoptotic behaviour o f vascular EC and SMC on selected 
unbaked membranes compared to the control samples.
FACS is a method o f measuring specific physical and chemical 
characteristics o f  cells as they travel single file in suspension medium past a sensing 
point [168]. It is capable o f rapidly separating cells (viable or non-viable) in a 
suspension on the basis o f size and the colour o f their fluorescence. The FACS 
measures the fluorescent intensity produced by the fluorescent labelled antibodies 
that bind to the specific cell proteins o f interest. A Becton Dickinson  FACSalibur 
was used to determine the proliferation and apoptotic profiles o f the both vascular 
cells types grown on the PVA-chitosan WS-1 membrane.
4.6.1 Proliferation - Cell Proliferation Assay
A proliferation study was performed to compare the proliferative activity o f  
BAEC and BASMC cultured on a selected PVA-chitosan membrane in comparison 
to corresponding control wells (6-well culture plates without membranes). A 
Vybrant® CFDA SE Cell Tracer Kit was used to conduct this experiment. Cells were 
pre-labelled with the fluorescent marker CFDA SE which is incorporated into the 
nucleus o f the cells. Upon cell division, the label is inherited by daughter cell causing 
sequential halving o f  the CFDA SE fluorescence, resulting in a cellular fluorescence 
histogram in which the peaks represent successive generations.
The cells were seeded onto the membranes and control well at a cell density 
o f 1 x 105 cells (approximately 50 % confluency per well) and were allowed to 
adhere to the membranes for 24 hr. A 10 mM CFDA SE stock solution was prepared 
by dissolving the contents o f one vial in 90 jul DMSO and mixed thoroughly by 
gentle pipetting. The CFDS SE stock (dye) was diluted at a ratio o f 1:2000 in pre­
warmed (37 °C) IX  PBS. The media was removed from the cells and they were 
washed once in HBSS. The membranes and cells were then incubated at 37 °C for 30 
min in the PBS-CFDA SE solution. The PBS-CFDA SE solution was replaced with 
fresh, pre-warmed RPM I-1640 medium and incubated at 37 °C for 5 hr. The cells 
were washed with RPM I-1640 medium supplemented with 0.2 % BSA and then
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added to each well and incubated at 37 °C overnight to quiesce the cells.
At this point, the proliferative activity o f  the cells on Day 2 was analysed. 
The cells were washed in HBSS and 0.5 ml IX  Trysin/EDTA was added to each 
well. The area o f one control well was approximately equal to the area o f  three wells 
with the membranes and nylon weights (Figure 4.9). The 6-well culture plates were 
incubated at 37 °C for 5 min to allow cells to trypsinise, following which, 1 ml o f 
RPMI-1640 media supplemented with 10 % FBS and 1 % P/S was added to each 
well. The media and cells were removed from the wells (tube 1 - control well cell 
suspension, tube 2 - cell suspension from three wells with membranes) and pipetted 
in 15 ml tubes and immediately placed on ice. The proliferative activity was also 
examined at Day 7. Therefore, on Day 2 the 0.2 % BSA RPMI-1640 medium was 
replaced with RPM I-1640 medium supplemented with 10 % FBS and 1 %  P/S then 
incubated at 37 °C for 5 days. The medium was replaced with fresh RPMI-1640 
supplemented medium on Days 4 and 6 respectively. The cells were harvested from 
the wells as previously described.
♦
id ra ed
. | .Area o f  w ell A  .Area o f m em brane B +C +D  
Figure 4.9 Area of well A ~ Area o f membranes B+C+D.
The cells suspensions were then prepared for FACS analysis during which 
time they were kept on ice. The 15 ml tubes were centrifuged at 1500 rpm for 5 min 
at 4 °C to pellet the cells and the media was removed from each tube on ice without 
disturbing the cell pellet. 500 jal IX  PBS containing 0.1 % BSA was gently pipetted 
into each 15 ml tube and the contents were transferred into eppendorf tubes which
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were centrifuged under the same conditions as previously stated. The tubes were 
again placed on ice and the IX  PBS-0.1 % BSA solution was carefully removed from 
each tube without disturbing the cell pellet. The cell pellets were gently re-suspended 
in 200 fil IX  PBS-0.1 % BSA and placed into FACS tubes and analysed.
4.6.2 Apoptosis - Cell Apoptosis Assay
The apoptosis levels o f the vascular cells on a selected PVA-chitosan 
membrane was determined and compared to the apoptosis levels on control wells to 
determine whether the PVA or the chitosan was inducing abnormal levels o f cell 
death. Effects o f  BAEC and BASMC apoptosis were determined using the Vybrant® 
Apoptosis Assay Kit #2. This kit provides a sensitive two-colour assay that employs 
a green fluorescent A lexa Fluor 488-conjugated annexin V and a red-fluorescent 
propidium iodide (PI) nucleic acid stain. Annexin V binds to phosphatidylserine 
located on the extracellular surface o f apoptotic cells while PI is impermeable to live 
cells and apoptotic cells but satins necrotic cells with red fluorescence. Populations 
o f cells are distinguished as viable, apoptotic or necrotic.
The cells were seeded onto the membranes and control well at a cell density 
o f 1 x 105 cells (approximately 50 % confluency per well) and incubated at 37 °C for 
24 hr to enable cell adherence to the membranes. The cells were washed once with 
RPMI-1640 medium supplemented with 0.2 % BSA. The 0.2 % BSA RPMI-1640 
media was replaced with fresh, pre-warmed 0.2 % BSA RPMI-1640 medium and 
incubated at 37 °C overnight to allow the cells to quiesce. The apoptotic behaviour o f 
the EC and SMC was analysed at Day 2. The cells were harvested from the 
membranes as previously described in Section 4.7.1. The cell suspension to be 
analysed was pippetted in 15 ml tubes and immediately placed on ice. The apoptotic 
activity o f the vascular EC and SMC was also observed at Day 7. The 0.2 % BSA 
RPMI-1640 medium was replaced with RPM I-1640 medium supplemented with 10 
% FBS and 1 % P/S on Day 0 and incubated at 37 °C for 5 days. The medium was 
replaced with fresh RPM I-1640 supplemented medium on Days 4 and 6 respectively. 
The cells were harvested as previously described in Section 4.7.1.
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The cell suspensions were kept on ice during the preparatory phases for 
FACS analysis. The 5X annexin V binding buffer was diluted in IX  PBS and 0.1 % 
BSA and added to each sample. A PI working solution was prepared by diluting PI 
stock in IX  annexin-binding buffer at a ratio o f 1:10. The 15 ml tubes were 
centrifuged at 1500 rpm for 5 min at 4 °C to pellet the cells. The cells were placed on 
ice and the media was removed from each tube without disturbing the cell pellet. 500 
jil IX  PBS-0.1 % BSA solution was gently pipetted into each 15 tube and the 
contents were transferred to 1.5 ml eppendorf tubes. The tubes were then centrifuged 
at 1500 rpm for 5 min at 4°C . The eppendorf tubes were placed on ice and the IX  
PBS-0.1 %  BSA solution was carefully pipetted o ff each tube without disturbing the 
cell pellet. The cell pellets were gently re-suspended in 100 (al IX  annexin-binding 
buffer. 1 |il annexin V and 0.4 jliI PI was added to each 100 i^l volume o f cell 
suspension. The eppendorf tubes, complete with cell suspension, were then incubated 
at room temperature for 15 min. Following the incubation period, a further 100 jil IX  
annexin-binding buffer was added to the cells. Finally the cell suspension was 
transferred from the eppendorf tubes into FACS tubes and placed on ice and 
analysed.
4.7 Shear Stress
The effects o f shear stress on the proliferative and apoptotic behaviour o f 
BAEC was also determined and compared to corresponding static samples that were 
cultured for the same period o f time. FACS analysis, as previously described (section 
4.7), was used to analyse the effect o f shear stress on vascular BAEC proliferation 
and apoptosis and to determine whether the BAEC obtained sufficient adhesion to 
the PVA-chitosan membranes to withstand low levels o f physiological shear stress 
[169]. The BAEC were analysed by flow cytometry on Day 2 and Day 3. An orbital 
shaker was used to apply low levels o f physiological shear stress o f  0.38 N/m 2 (3.8 
dyn/cm2) for 24 hr to the BAEC seeded on the PVA-chitosan WS-1 membranes. 
Despite the mean wall shear stress in large arteries generally being between 2-4 N/m2 
(20-40 dynes/cm ) [64], this test gave an indication as to w hether cells cultured on 
the membranes could withstand exposure to pathological shear stress. The 6-well 
culture plate was secured to the orbital shaker as shown in Figure 4.10. The rotation
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speed on the orbital shaker was set to 1.25 rps (75 rpm) in order to obtain the desired 
shear stress on the PVA-chitosan specimens based on the following equation [170].
Shear stress = a^]pn(2n  / ) 3 (4.1)
where: a  =  radius o f rotation =  0.02 m
p  = density o f fluid  =  1000 kg/m3 
n = buffer viscosity at 37 °C =  7.5x10 ~4 Pa.s 
n =3.14159
r . 15rpm
j  =  rotation per sec =  -------------- =  1.25 rps
60 sec
Shear stress =  0.02-7(1000)(7.5 x lO '4)[(2)(3 .14159)(1,25)]3 
= 0.02V363.35
=  0.38 N / m2 (3.8 dynes / cm2)
Figure 4.10 6-well culture plate was secured to the orbital shaker.
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4.8 Results
EC and SMC cellular behaviour on the PVA-chitosan combined hydrogels is 
an important factor in determining the biocompatibility o f the biomaterial. After cell 
contact with the biomaterial, cells usually undergo morphological changes in order to 
stabilise the cell-material interaction. Therefore the processes o f vascular adhesion, 
cell spreading and proliferation on the fabricated membranes have been investigated.
4.8.1 Cell M orphology
Phase contrast microscopy was used to demonstrate the presence o f vascular 
cell on the surface o f the fabricated membranes. In order to assess the viability o f 
cells on the selected PVA-chitosan membranes, the membranes were stained with the 
nuclear stain DAPI which stains the nuclei o f living cells. To ensure that the DAPI 
stain was not sticking to the pores in the PVA-chitosan blended membranes, negative 
controls were also conducted, where the membranes without cells were stained with 
DAPI.
BAEC on PVA-chitosan membranes
Initial results showed that BAEC readily adhered to the PVA-chitosan water- 
soluble and -insoluble membranes. Low magnification (4X) images not presented 
illustrated that cells successfully adhered to the membranes following a 96 hr culture. 
A negative control was also conducted which proved that the DAPI was specific to 
BAEC and there was no background staining/fluorescence (not presented). The phase 
contrast images (Figures 4.11 and 4.12) demonstrate that the BAEC adhered on all 
membranes solution types (Table 4.1), while the corresponding DAPI images 
(Figures 4.11 and 4.12) show that the BAEC remained viable after 96 hr. The phase 
contrast images illustrate that a confluent layer o f BAEC was evident on the control 
well (Figure 4.11 A) and on the PVA-chitosan IS -1 and WS-1 membranes (Figures 
4.11 C, 4.12 B). W ebbing o f the BAEC was noted on both the control well and all 
PVA-chitosan blends o f membrane (Figures 4.11, 4.12). Clumps o f BAEC were 
evident on the PVA-chitosan WS-2 (Figure 4.12 C) rather than the preferred even 
distribution o f  cells as seen on the control well and the PVA-chitosan IS-0.5, -1 and 
WS-0.5, -1 membranes.
75
Phase Contrast Fluorescent
Confluent 
layer of 
BAEC
Confluent 
layer of 
BAEC
A
B
C
Figure 4.11 BAEC cultured on a range of PVA water-insoluble Chitosan  
membranes. Following a 96 hr growth period, cells were 
fixed to the membranes with 3% formaldehyde in PBS, stained 
with DAP I and viewed under a phase contrast and fluorescent 
microscopes. (A) Control well, (B) PVA-Chitosan IS-0.5, (C)
PVA-Chitosan IS-1 and (D) PVA-Chitosan IS-2. M agnification 
10X. Representative photographs, n = 3.
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Figure 4.12 BAEC cultured on a range of PVA water-soluble Chitosan  
membranes. Following a 96 hr growth period, cells were fixed 
to membranes with 3% formaldehyde in PBS, stained with 
DAPI and viewed under a phase contrast and fluorescent 
microscopes. (A) PVA-Chitosan WS-0.5, (B) PVA-Chitosan 
WS-1, (C) PVA-Chitosan WS-2 and (C) PVA-Chitosan WS-6. 
M agnification 10X. Representative images, n = 3.
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A bar chart was generated to compare the cell numbers o f three 10X 
magnification images from each membrane to the control well (Figure 4.13). It can 
be seen from the histogram that the PVA-chitosan IS-0.5, -1, WS-0.5 and -1 have the 
closest resemblance to the control well in terms o f  providing a growth matrix. There 
was a significant reduction o f 0.885 ± 0.022 in the fold change o f  cell numbers on 
the PVA-chitosan IS-0.5. A highly significant reduction o f 0.525 ± 0.015, 0.708 ± 
0.030 and 0.378 ± 0.009 was noted in the fold change o f cell numbers compared to 
the control well on the PVA-chitosan IS-2, WS-2 and WS-6 membranes respectively. 
A significant fold increase o f 1.150 ± 0.026 was evident on the PVA-chitosan WS-1 
membrane. No significant difference was apparent in the fold change o f the PVA- 
chitosan IS-1 (1.121 ±  0.037) or PVA-chitosan WS-0.5 (0.949 ± 0.0168) compared 
to the control well. In addition, there was no significant difference in the fold change 
o f the PVA-chitosan soluble membranes compared to the corresponding PVA- 
chitosan insoluble membranes (eg: PVA-chitosan IS-0.5 and W S-0.5) which suggests 
that the adhesion and growth properties o f BAEC were not adversely affected by the 
incorporation o f water-soluble or insoluble chitosan.
Preliminary results proved that BAEC did successfully adhere to the PVA- 
chitosan membranes. There was no significant difference in the cell adhesion profiles 
or cell counts o f the corresponding PVA-chitosan water-insoluble and -soluble 
membranes. Optimum growth o f BAEC compared to the control well was achieved 
on the PVA-chitosan 0.5 % and 1 % water-soluble and insoluble membranes.
BASMC on PVA-chitosan Membranes
Cell adhesion and cell spreading o f the BASMC was also achieved on both 
PVA-water-soluble and -insoluble chitosan membranes. The BASMC were cultured 
on all membranes for 96 hr. The phase contrast images on Figures 4.14 and 4.15 
illustrate that the BASMC adhered to the control well and all o f  the different blends 
o f PVA-water-soluble and insoluble chitosan membranes (See Table 4.1). Cell 
webbing was also evident on all samples. The equivalent DAPI images (Figures 4.14 
and 4.15) show that the BASMC remained viable after 96 hr. It was also evident 
from the DAPI images that cell adhesion and growth was not uniform on all samples. 
A confluent layer o f cells was evident on the control well (Figure 4.14, A) and PVA- 
chitosan IS-1 and WS-1 membranes (Figure 4.14, C and Figure 4.14, B). It was also
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Figure 4.13 BAEC were seeded onto a range of PVA-chitosan membranes and 
control wells. Following a 96 hr growth period (n = 3), cells were 
fixed to the membranes with 3 %  formaldehyde in PBS, stained with 
DAPI and viewed under a fluorescent microscope. The cell numbers
on three 10X magnification images from each membrane were
compared to the control well. * p<0.05, ** p<0.005 as compared to 
control well (student’s t test).
apparent from the DAPI images that clusters o f BASMC were evident on the PVA- 
chitosan IS-0.5 (Figure 4.14, B) and the PVA-chitosan WS-0.5 and WS-2 (Figure 
4.15, A & C) membranes which is in contrast to the control well and PVA-chitosan 
IS-1 and WS-1 membranes where the cells were more evenly distributed. BASMC 
were more sparsely distributed on the PVA-chitosan IS-2 and WS-6 membranes.
In order to determine which PVA-chitosan membrane provided the optimum 
adhesion and growth characteristics, a bar chart was created from cell counts on 
images from three 10X images (Figure 4.16). Again the BASMC were cultured for
96 hr. There was no significant difference in the fold change o f cell numbers on the
PVA-chitosan IS-0.5 (0.989 ±  0.033) and WS-0.5 (1.059 ± 0.036) membranes in 
comparison to the control well. As with the BAEC, the PVA-chitosan IS-1 and WS-1 
showed the greatest cell numbers. A significant fold increase o f  1.196 ± 0.025 was 
evident for the PVA-chitosan IS-1 membrane while the PVA-chitosan WS-1 
membrane showed a highly significant fold increase o f 1.236 ± 0.026 in cell numbers 
com pared to the control well. H ighly significant reductions o f  0.6 ± 0.044, 0.759 ±
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BASMC cultured on a range of PVA water-insoluble 
Chitosan membranes. Following a 96 hr growth period, cells 
were fixed to the membranes with 3% formaldehyde in PBS, 
stained with DAPI and viewed under a phase contrast and 
fluorescent microscopes. (A) Control well, (B) PVA-Chitosan 
IS-0.5, (C) PVA-Chitosan IS-1 and (D) PVA-Chitosan IS-2. 
M agnification 10X. Representative photographs, n = 3.
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Figure 4.15 BASMC cultured on a range of PVA water-soluble Chitosan 
membranes. Following a 96 hr growth period, cells were fixed 
to membranes with 3% formaldehyde in PBS, stained with 
DAPI and viewed under a phase contrast and fluorescent 
microscopes. (A) PVA-Chitosan WS-0.5, (B) PVA-Chitosan 
WS-1, (C) PVA-Chitosan WS-2 and (C) PVA-Chitosan WS-6. 
M agnification 10X. Representative images, n = 3.
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BASM C were seeded onto a range o f PVA-chitosan membranes 
and control wells. Following a 96 hr growth period (n = 3), cells 
were fixed to the membranes with 3 % formaldehyde in PBS, stained 
with DAPI and viewed under a fluorescent microscope. The cell 
numbers on three 10X magnification images from each membrane 
were compared to the control well. * p<0.05, ** p<0.005 as compared 
to control well (student’s t test).
0.025 and 0.382 ± 0.034 in the fold change o f  BASMC were noted on the PVA- 
chitosan IS-2, WS-2 and WS-6 membranes respectively. An increase in the 
concentration o f  the water-soluble chitosan to 6 % did not increase BASMC 
adhesion and proliferation, in fact there was a further reduction in the number o f cells 
on the membrane.
Initial results have shown that BASMC did adhere and spread on the surface 
o f both the PVA-chitosan water-soluble and -insoluble membranes. Comparing cell 
numbers on the control well to those on the PVA-chitosan blended membranes 
yielded similar results for BAEC and BASMC (Figure 4.16). There was no 
significant variation in the cell adhesion and cell counts on matching PVA-chitosan 
water-insoluble and -soluble membranes. The most prominent growth o f BASMC 
compared to the control well was achieved on the PVA-chitosan WS-1 membrane. It 
was also evident that the vascular cells, once adhered, proliferated and spread across 
the surface o f  the membrane. While vascular cell adhesion and proliferation were 
evident, it was necessary to determine whether the cells that adhered to the surface o f
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the PVA-chitosan membranes behaved similarly to the cells cultured in the control 
conditions.
Various immunocytochemistry staining techniques were performed on the 
PVA-chitosan IS-1 and PVA-chitosan WS-1 membranes (See Table 4.1) due to the 
fact that cell adhesion and growth on both o f the membranes most closely resembled 
that o f the control sample. It was decided to concentrate on these two membrane 
compositions and assess cell behaviour accordingly. SEM analysis was conducted to 
assess cell adhesion on the selected PVA-chitosan blended membranes. DAPI was 
also used in conjunction with other various immunochemistry techniques, including 
actin and Von W illebrand Factor staining.
SEM  Analysis
The morphology o f BASMC cultured on the PVA-chitosan IS-1 and WS-1 
membranes can be seen in Figure 4.17. The SEM examination shows the BASMC on 
both the PVA-chitosan IS-1 and WS-1 membranes are completely flattened and well 
spread (Figure 4.17, A & B,). Furthermore, cell fusion o f the BASMC was also 
evident on both membrane blends.
Figure 4.17 SEM  images of BASMC cultured on PVA-chitosan membranes.
Following a 96 hr growth period, cells were fixed to the membranes 
with 3 % formaldehyde in PBS, frozen overnight at -80°C, freeze- 
dried for 6 hrs and viewed under SEM. (A) PVA-chitosan IS-1, (B) 
PVA-chitosan WS-1. M agnification 1000X. Representative 
photographs, n = 3
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4.8.2 Im m unocytochem istry
F-actin  - EC
To corroborate the presence o f  BAEC on the PV A -chitosan blended 
membranes, the presence o f the EC-specific antigen, F-actin, was examined. To 
facilitate interruption o f the fluorescent F-actin stain, DAPI was also used so that the 
nuclei relative to the F-actin filaments could be identified. Viable BAEC were 
evident from the DAPI images (Figure 4.18), whereas the corresponding F-actin 
images (Figure 4.18) validate that the vascular cells on the PVA-chitosan blended 
membranes were indeed BAEC. The actin fibres from individual cells are illustrated 
in Figure 4.19. There does not appear to be any perceptible difference in the structure 
and orientation between the actin fibres on the control well or the PVA-chitosan 
water-insoluble and -soluble membranes (Figure 4.19). This suggests that while 
some morphological changes most probably occur as the BAEC adhered to the PVA- 
chitosan blended membranes, they do not have a significant effect on the structure 
and composition o f  the cells.
a -Smooth Muscle Cell Actin  - SMC
In order to verify the presence o f BASMC on the PVA-chitosan blended 
membranes, the presence o f a-actin was investigated. DAPI was also used to assist 
the interpretation o f the fluorescent a-actin stain. The DAPI images in Figure 4.20 
illustrate the presence o f  viable cells, while the equivalent a-actin images confirm 
that the vascular cells on the samples were definitely BASMC. Analysing o f a-actin 
fibres orientation indicated if  the BASMC were changing morphology. Figure 4.21 
revealed the actin fibres that were present in BASMC. It was noticeable that the actin 
fibres were more pronounced on the control well (Figure 4.21, C), compared to the 
BASMC on the membranes (Figure 4.21, A & B), thus suggesting that there were 
changes in the morphology o f  the BASMC as they adhered to the PVA-chitosan 
blended membranes. The BASMC that were not adhered to the membranes but on 
top o f the first layer o f cells had more visible actin fibres, implying that the 
morphological changes encountered did not adversely effect the composition and 
behaviour o f the cells. A closer look at the actin fibres o f the BASMC in Figure 4.22 
revealed that while the fibres were more prom inent on the control well, a structured
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DAPI F-actin
F-actin staining o f BAEC cultured on PVA-Chitosan 
membranes and control wells. Following a 96 hr growth 
period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with Alexa Fluor 546 phalloidin 
and DAPI and viewed under a fluorescent microscope. 
Representative F-actin and corresponding DAPI images o f  
BAEC on: (A) PVA-Chitosan IS-1, (B) PVA-Chitosan WS-1 
and (C) control well. M agnification 20X, n = 3.
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Figure 4.19 F-actin staining of BAEC cultured on PVA-Chitosan  
membranes and control wells. Following a 96 hr growth 
period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with Alexa Fluor 546 phalloidin and 
DAPI and viewed under a fluorescent microscope. Representative 
F-actin and corresponding DAPI images o f  BAEC on: (A)
PVA-Chitosan IS-1, (B) PVA-Chitosan WS-1 and (C)
control well. M agnification 60X, n =3.
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a-Actin stain of BAEC cultured on PVA-Chitosan  
membranes and control wells. Following a 96 hr growth 
period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with the primary antibody 
“monoclonal anti-a-sm ooth muscle cell actin’’, the secondary 
antibody “anti-mouse Alexa Fluor 488” and DAPI. 
Finally cells were viewed under a fluorescent microscope. 
Representative a-actin and corresponding DAPI images o f 
BASMC on: (A) PVA-Chitosan IS-1, (B) PVA-Chitosan WS-1 
and (C) control well. M agnification 10X, n = 3.
DAPI a-Actin
a-Actin stain of BAEC cultured on PVA-Chitosan  
membranes and control wells. Following a 96 hr growth 
period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with the primary antibody 
“monoclonal anti-a-sm ooth muscle cell actin’’, the secondary 
antibody “anti-mouse Alexa Fluor 488” and DAPI. 
Finally cells were viewed under a fluorescent microscope. 
Representative a-actin and corresponding DAPI images o f 
BASMC on: (A) PVA-Chitosan IS-1, (B) PVA-Chitosan WS-1 
and (C) control well. M agnification 20X, n = 3.
DAPI a-Actin
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a-Actin stain of BAEC cultured on PVA-Chitosan  
membranes and control wells. Following a 96 hr growth 
period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with the primary antibody 
“monoclonal anti-a-smooth muscle cell actin’’, the secondary 
antibody “anti-mouse Alexa Fluor 488” and DAPI. 
Finally cells were viewed under a fluorescent microscope. 
Representative a-actin and corresponding DAPI images o f 
BASMC on: (A) PVA-Chitosan IS-1, (B) PVA-Chitosan WS-1 
and (C) control well. M agnification 100X, n = 3.
orientation o f the fibres was evident on the PVA-chitosan IS-1 and WS-1 membranes 
as well as the control well. These findings suggest that despite the fact that there 
were some BASMC morphological changes on the membranes, the BASMC on the 
PVA-chitosan blended membranes had similar fibrous characteristics to the cells on 
the control sample.
Von Willebrand Factor
Von W illebrand Factor was also used to verify the presence o f healthy BAEC 
on the PVA-chitosan fabricated membranes. Figure 4.23 shows the DAPI and 
corresponding Von W illebrand Factor images. The green fluorescence dispersed 
throughout the cell signifying that the cells were indeed BAEC. A confluent layer o f 
cells was apparent on the control well and PVA-chitosan WS-1 membrane. An 
absence o f Von W illebrand Factor in BAEC on the PVA-chitosan membranes would 
indicate that the morphological changes that the cells underwent after contact with 
the biomaterial was having a detrimental effect on the BAEC.
4.8.3 Cell F ate
Cell Proliferation Assay
In light o f the previous findings, a cell proliferation assay was conducted to 
determine how proliferation o f  the vascular cells on the PVA-chitosan WS-1 
compared to the control well. The PVA-chitosan WS-1 membrane was chosen 
(instead o f the PVA-chitosan IS-1 membrane) due to the fact cell adhesion and 
distribution on this membrane most closely resembled that o f the control well. To 
determine the proliferation characteristics o f BAEC and BASMC on the PVA- 
chitosan WS-1 membrane, the cells were analysed on Day 2 and again on Day 7. To 
obtain the proliferation data from the cell suspension, a scatter graph o f the cells was 
obtained (Figure 4.24).The x and y axis represent forward scatter (approximate cell 
size) and side scatter (cell complexity) respectively. The primary cell population 
representing viable cells was selected and the proliferation activity o f these cells only 
was analysed. In some cases a second cell population was evident which if  included 
in the analysis could have a different proliferative rate. The proliferation o f the cell 
population was determined by the relative fluorescence intensity o f the cells. For 
il lu s tra t io n  p u rp o se s , the  in v e rse  o f  the re la tiv e  f lu o re sc e n c e  in te n s ity  on a
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DAPI Von Willebrand Factor
Von W illebrand Factor staining of BAEC cultured on PVA- 
Chitosan membranes and control wells. Following a 96 hr 
growth period, cells were fixed to the membranes with 3% 
formaldehyde in PBS, stained with the primary antibody 
“Polyclonal rabbit anti-human Von W illebrand Factor”, the 
secondary antibody “anti-rabbit Alexa Fluor 488” and 
DAPI. Finally cells were viewed under a fluorescent 
microscope. Representative Von W illebrand Factor and 
corresponding DAPI images o f BAEC on: (A) PVA-Chitosan 
IS-1, (B) PVA-Chitosan WS-1 and (C) control well. 
M agnification 20X, n = 3.
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Figure 4.24 Flow cytometry scatter plot of BASMC (Control well - Day 0) 
stained with fluorescent marker CFDA SE.
logarithmic scaled graph was used to demonstrate proliferation o f cells on samples.
Following quiescence o f BAEC, similar proliferative activity was evident on 
the PVA-chitosan WS-1 membrane (3.7 x lO*4 ± 8.6 x 10'5) and the control well (4.6 
x 10'4 ± 6.7 x 10'5) on Day 2 (Figure 4.25, A). There was also comparable 
proliferative activity for BAEC on the control well (1.7 x 10'2 ± 4.58 x 10'3) and 
PVA-chitosan WS-1 membrane (1.92 x 10'2 ± 6.15 x 10‘3) Day 7. Figure 4.25 (B) 
shows a representative time-dependent analysis o f the proliferative activity o f BAEC 
seeded onto PVA-chitosan WS-1 membranes and control wells where proliferation 
was a measure o f the relative fluorescence intensity. An increase in the proliferation 
on Day 7 from Day 2 was determined by a reduction in the relative fluorescence 
intensity (left shift o f the curve on the graph), the greater the reduction in the 
fluorescence intensity the greater the proliferation o f  the cells. The analysis also 
suggests that there were some BAEC on the membranes which had different 
proliferation rates implying BAEC from a secondary cell population were analysed. 
This may have been due to the fact the BAEC were harvested from three membranes 
compared to one control well.
The proliferation study o f BASMC illustrated some interesting findings 
(Figure 4.26, A). Com parable to the BAEC, proliferation o f  BASM C on the PVA-
Primary Cell 
Population
FSC - Height
92
(A) 0.1
S
01
C
•il
1 s 
à  ï
2  g
a  £
o
<  «> GÛ >
5a>
sé
0.01
3
0.001
0.0001
(B)
</>+->
§ 8 -o
o
LU
<
CÛ
«-
0 Control Well □ PVA-Chitosan
Day 2
Day 0 - Control Well 
Day 5 - Control Well 
Day 0 - PVA- Chitosan 
Day 5 - PVA-Chitosan
Day 7
1 0 ' 10*  10*  
Relative Fluorescence Intensity
Figure 4.25 Proliferative activity of BAEC cultured on PVA-Chitosan  
membranes and control wells. Following a 24 hr adhesion period, 
the BAEC were pre-labeled with the fluorescent marker CFDA SE 
and quiesced for 24 hr (Day 2) and cultured for a further five days 
(Day 7). Cell suspensions were harvested and analysed by FACS on 
Day 2 and Day 7. (A) A time-dependent analysis o f  the proliferative 
activity o f BAEC seeded onto PVA-chitosan WS-1 membranes and 
control wells. Graph showing BAEC proliferation (1/Relative 
Fluorescence Intensity) on control well and PVA-chitosan WS-1 
membrane on Day 2 and Day 7 (n = 3). (B) A representative time- 
dependent analysis o f the proliferative activity o f BAEC seeded onto 
PVA-chitosan WS-1 membranes and control wells. Graph showing a 
representative analysis o f  BAEC division on control well and PVA- 
chitosan WS-1 membrane on Day 2 and Day 7.
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Figure 4.26 Proliferative activity of BASMC cultured on PVA-Chitosan 
membranes and control wells. Following a 24 hr adhesion period, 
the BASMC were pre-labeled with the fluorescent marker CFDA SE 
and quiesced for 24 hr (Day 2) and cultured for a further five days 
(Day 7). Cell suspensions were harvested and analysed by FACS on 
Day 2 and Day 7. (A) A time-dependent analysis o f  the proliferative 
activity o f  BAEC seeded onto PVA-chitosan WS-1 membranes and 
control wells. Graph showing BASMC proliferation (1/Relative 
Fluorescence Intensity) on control well and PVA-chitosan WS-1 
membrane on Day 2 and Day 7 (n = 3). (B) A representative time- 
dependent analysis o f the proliferative activity o f  BASMC seeded 
onto PVA-chitosan WS-1 membranes and control wells. Graph 
showing a representative analysis o f BASMCC division on control 
well and PVA-chitosan WS-1 membrane on Day 2 and Day 7.
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chitosan WS-1 membrane showed similar characteristics to the control well on Day 
2. After Day 7, it was noted that there was significantly greater proliferation activity 
on the PVA-chitosan WS-1 membrane compared to the control well. A 
representative time-dependent analysis o f the proliferative activity o f BASMC 
seeded onto PVA-chitosan WS-1 membranes and control wells where proliferation 
was a measure o f the relative fluorescence intensity is shown in Figure 4.26 (B). It is 
clear from this representation that a small number o f BASMC on the PVA-chitosan 
WS-1 membrane on Day 2 were not in equivalent proliferative states or sufficiently 
quiesced.
Cell Apoptosis Assay
While it is evident that the vascular cells adhere and proliferate it was equally 
important to establish whether the PVA-chitosan blended membranes adversely 
influenced cell viability. As previously described (Section 4.9.3), the viable cell 
population was selected to be analysed by FACS. Viable, apoptotic and necrotic cells 
were detected as shown in Figure 4.27. The percentage o f  apoptotic cells could then 
be obtained.
To investigate the apoptotic response o f BAEC on the PVA-chitosan WS-1 
membrane, the state and activity o f the cells were analysed on Day 2 and again on 
Day 7 and compared to equivalent control wells (Figure 4.28). The flow cytometry 
analysis indicated that on Day 2, greater apoptosis occurred in BAEC plated on the 
PVA-chitosan WS-1 membrane compared to control (15.5 ± 3.5 % versus 12.5 ± 3 % 
respectively, n = 3). On Day 7, there was a small but non-significant reduction on the 
apoptotic levels o f  the BAEC on the PVA-chitosan WS-1 membrane and the control 
well (12.8 ± 2.5 % and 10.1 ± 1 . 5  % respectively, n = 3). While the apoptotic levels 
o f the BAEC on the PVA-chitosan WS-1 membrane were greater than the control 
well, they were not significantly higher as to suggest that the PVA-chitosan blended 
membranes were directly responsible for the apoptotic behaviour o f  the BAEC. Also 
the level o f reduction in the apoptosis from Day 2 to Day 7 was comparable for the 
control well and PVA-chitosan blended membranes.
W ith respect to the apoptotic behaviour o f  B A SM C , a non-significant 
increase in apoptosis was observed in cells plated on the PV A -chitosan WS-1
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Figure 4.27 Flow cytometry patterns o f BASMC (Control well - Day 2) 
stained with annexin V and PI.
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Figure 4.28 Time-dependent apoptotic profile o f BAEC seeded onto PVA- 
chitosan WS-1 membranes and control wells. Following a 24 hr 
adhesion period, the cells were quiesced for 12 hr (Day 2) and 
cultured for a further five days (Day 7). Cell suspensions were 
harvested and analysed on Day 2 and Day 7 and stained with Alexa 
Fluor 488-conjugated annexin V and propidium iodide nucleic acid 
stains before being analysed by FACS. Graph showing percentage 
apoptotic o f BAEC on control well and PVA-chitosan WS-1 
membrane on Day 2 and Day 7 (n = 3).
h Control Well □ PVA-Chitosan
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membrane compared to control (12 ± 2.3 % versus 10.5 ± 1.8 % respectively, n = 3; 
Figure 4.29) at Day 2. A significant reduction in the apoptotic levels o f the BASMC 
on both the control well and the PVA-chitosan WS-1 membrane was evident on Day 
7 (2.8 ± 1.2 % and 5.5 ± 1.3 % respectively, n = 3). In terms o f the apoptotic 
behaviour o f the BASMC on the control well versus the PVA-chitosan WS-1 
membrane, there was greater apoptosis on the PVA-chitosan WS-1 membrane, 
however it was not significantly greater than the control well. In addition, the 
difference in the ratios o f apoptosis on the PVA-chitosan WS-1 membrane did not 
dramatically increase from Day 2 to Day 7 suggesting that the BASMC can remain 
viable on the PVA-chitosan membranes for long term cell culture studies.
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Figure 4.29
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Time-dependent apoptotic activity o f BASM C seeded onto PVA- 
chitosan WS-1 membranes and control wells. Following a 24 hr 
adhesion period, the cells were quiesced for 12 hr (Day 2) and 
cultured for a further five days (Day 7). Cell suspensions were 
harvested and analysed on Day 2 and Day 7 and stained with Alexa 
Fluor 488-conjugated annexin V and propidium iodide nucleic acid 
stains before being analysed by FACS. Graph showing percentage 
apoptotic o f BASMC on control well and PVA-chitosan WS-1 
membrane on Day 2 and Day 7 (n = 3). a , p<0.05 as compared to 
control well (student’s t test).
4.8.4 Shear Stress
The effect o f  low  level physiological shear stress on the proliferative and 
apoptotic behaviour o f  BAEC was analysed using flow cytometry, as previously
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described in section 4.7. There was no significant difference between the 
proliferative activity o f  the BAEC cultured on the control wells or the PVA-chitosan 
membrane on Day 2 (Figure 4.30). Increased proliferation o f  BAEC was evident on 
Day 3, however there was no significant difference in the proliferation o f BAEC that 
were statically cultured and those that were subjected to shear stress. Comparable 
proliferative rates o f  BAEC were apparent on the control well and the PVA-chitosan 
membrane. In this 24 hr study, low level shear stress did not cause any increase in 
BAEC proliferation on either the control well or the PVA-chitosan WS-1 membrane. 
Therefore the BAEC behaved similarly under both static and shear conditions. A 
representative time-dependent analysis o f the proliferative activity o f BASMC 
seeded onto control wells and PVA-chitosan WS-1 membranes where proliferation 
was a measure o f the relative fluorescence intensity is shown in Figure 4.31 (A & B).
Control Well PVA-Chitosan
Figure 4.30 A time-dependent analysis of the proliferative activity of BAEC  
seeded onto control wells under static and shear (shear stress = 
0.38 N/m2) culture conditions. Following a 24 hr adhesion period, 
the cells were pre-labeled with the fluorescent marker CFDA SE and 
quiesced for 12 hr (Day 2). Static or shear culture followed for 24 hr 
(Day 3). Cell suspensions were harvested and analysed by FACS on 
Day 2 and Day 3. Graph showing BAEC proliferation (1/Relative 
Fluorescence Intensity) on control well and PVA-chitosan WS-1 
membrane under static and shear culture conditions on Day 2 and Day 
3 (n = 3).
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Figure 4.31 Representative analyses of BAEC cultured onto PVA-chitosan  
membranes and control wells under static and shear culture 
conditions. Following a 24 hr adhesion period, the cells were pre­
labeled with the fluorescent marker CFDA SE and quiesced for 12 hr 
(Day 2). Static or shear (shear stress = 0.38 N/m2) culture followed for 
24 hr (Day 3). Cell suspensions were harvested and analysed by 
FACS on Day 2 and Day 3. Graphs showing representative analyses 
o f BAEC division on control well and PVA-chitosan WS-1 
membranes under static and shear culture conditions on Day 2 and 
Day 3 (A) A representative time-dependent analysis o f  the 
proliferative activity o f  BAEC seeded onto control wells under static 
and shear culture conditions (B) A representative time-dependent 
analysis o f  the proliferative activity o f BAEC seeded onto PVA- 
chitosan WS-1 membranes under static and shear culture conditions.
The apoptotic behaviour o f  the BAEC was also studied and com pared to 
control well (Figure 4.32). It was noted that the average apoptosis levels on the 
control well remained at -12 .5  ± 3 % on Day 2 and Day 3 under both static and shear
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Figure 4.32 A time-dependent effect on the apoptotic activity o f BAEC that 
were seeded onto PVA-chitosan WS-1 membranes and control 
wells under static and shear (shear stress = 0.38 N/m2) culture 
conditions. Following a 24 hr adhesion period, the cells were 
quiesced for 12 hr (Day 2) and cultured for a further 24 hr (Day 3)
under static or shear conditions. Cell suspensions were harvested and
analysed on Day 3 and stained with Alexa Fluor 488-conjugated 
annexin V and propidium iodide nucleic acid stains before being 
analysed by FACS. Graph showing percentage apoptotic o f BAEC on 
control well and PVA-chitosan WS-1 membrane on Day 3 under 
static and shear culture conditions (n = 3).
culture conditions. However, while there was ~15 ± 2.5 % apoptosis on the PVA- 
chitosan WS-1 membrane on Day 2 and Day 3 under static culture conditions, the 
was a reduction o f  apoptosis o f the BAEC subjected to shear stress to ~ 1 1.06 ± 1.75
% on the PVA-chitosan WS-1 membrane on Day 3. In support o f this, it is well
documented that shear stress inhibits apoptosis o f endothelial cells [171]. Shear 
stress did not significantly affect the levels o f apoptosis on the control well or the 
PVA-chitosan WS-1 membrane.
4.9 Discussion
The adhesion and growth o f BAEC and BASMC on PVA-chitosan blended 
membranes were evaluated. Cell morphology and cell viability were investigated by 
immunocytochemical techniques and FACS analysis respectively. PVA has been 
used in many biomedical applications [127,131-136,144,172,173] however, different
0 Control Well ■ PVA-Chitosan
Static Shear
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biological macromolecules such as chitosan, collagen, fibronectin and peptides [171] 
have been used in conjunction with PVA to improve its cell compatibility. While 
initial results have proved promising [96,97,127,128,171], the fabrication techniques 
and biological macromolecules for all but chitosan are very expensive. Chitosan is a 
natural biocompatible product [139] which has been shown to enhance fibroblast cell 
attachment on PVA-chitosan blended membranes [96]. In this study, water-soluble 
and insoluble chitosan were blended with PVA. To the author’s knowledge, water- 
soluble chitosan has not been used in any previous cell culture studies.
The results o f the cell adhesion study show that BAEC and BASMC, like 
fibroblast cells [96], successfully adhered to the PVA-chitosan membranes for all 
chitosan percentages and for both solubility types. However, an optimum quantity 
and percentage o f  chitosan solution must be blended to the PVA in order to achieve 
similar vascular cell adhesion and growth activity on the membranes to that o f cells 
cultured in control wells. The surfaces o f the different PVA-chitosan blended 
membranes had different consequences for the vascular cells, PVA-chitosan WS-1 
displaying the best cell adhesion and PVA-chitosan WS-6 the poorest. Both BAEC 
and BASMC displayed similar cell adhesion characteristics on the different 
membranes. BAEC and BASMC growth on all PVA-chitosan membranes displayed 
webbing characteristics. Cells were most evenly distributed on PVA-chitosan IS-1 
and WS-1 membranes. Clumping o f cells were apparent for both cell types as the 
percentage o f the chitosan solution was increased to 2 %  or reduced to 0.5 % while 
cells were sparsely distributed on the PVA-chitosan WS-6 membrane.
Although cellular adhesion to the PVA-chitosan membrane is important, the 
subsequent cell response to the biomaterial is imperative. The presence o f Von 
Willebrand Factor confirmed that BAEC were growing and indicated that the BAEC 
were behaving similarly on the PVA-chitosan membranes and the control wells. The 
cells attached and spread on the PVA-chitosan WS-1 and IS-1 membranes without 
perceptible deterioration to cell morphology o f BAEC or BASM C as identified by 
the exam ination o f  the F-actin and a-actin fibres. In addition, it was also concluded 
that the choice o f  water-soluble or -insoluble chitosan had no significant bearing on 
the vascular cell adhesion properties or morphologies. For this reason, coupled with 
the ease o f  solubilisation, the water-soluble chitosan was selected for FACS and
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shear studies.
A quantitative assay to investigate the function and behaviour o f BAEC and 
BASMC on PVA-chitosan membranes over the typical time period o f  in vitro cell 
culture studies was also conducted. The flow cytometry studies revealed that the 
proliferative activity o f  the BAEC on the selected PVA-chitosan blended hydrogel 
membrane compared favourably to cells cultured on control wells. Additionally, the 
BASMC cultured on the selected PVA-chitosan membrane illustrated increased 
proliferation compared to the control. Moreover, it was also shown by FACS 
analysis that the vascular cells remained viable on the PVA-chitosan blended 
membranes for up to 7 days (7 days in total: cell seeded for 1 day, serum starved for 
1 day, cultured for 5 days). While apoptosis was greater on the membranes compared 
to the control it was not significantly higher as to suggest that the increase was 
directly related to the composition o f the membranes. Interestingly, on Day 7, greater 
proliferation and apoptosis levels on the membranes compared to the control were 
apparent. This is not surprising as apoptosis can play a positive role in cell culture. 
Cell death is crucial in tissue regeneration: the number o f  cells making up tissue in 
adults must be kept constant whilst assuring cell renewal and regulation o f the 
balance between cellular proliferation and death [174]. Thus the link between cell 
proliferation and death is that the tendency o f  cells to undergo apoptosis is a normal 
consequence o f the engagement o f the cell’s proliferative pathways [175]. To the 
authors knowledge, the quantitative assays to investigate the function and behaviour 
o f BAEC and BASMC on PVA-chitosan membranes have not been previously 
reported.
In addition it has been demonstrated that BAEC adhered to these fabricated 
membranes and can endure low levels o f  shear stress (0.38 N /m 2 for 24 hr). This is 
an important characteristic as it suggests that more realistic in vivo situations may 
now be simulated using PVA-chitosan blended membranes for in vitro dynamic 
vascular cell culture studies. In a study by Elshazly [10], PVA coated with a layer o f 
Type 1 purified collagen has been shown permit BAEC adhesion with an adhesion 
strength to the material surface in vitro withstand physiologic flow (2 N /m 2 or 20 
dynes/cm2).
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In light o f  the findings in this study it seems that the chitosan content on the 
surface o f the membranes acts like an attachment protein for BAEC and BASMC, 
such as fibronectin, and subsequently could create an integral connection with the 
receptors on the cellular surface [176]. For cells that have receptors for chitosan, the 
amount o f chitosan on the surface o f the PVA-chitosan membranes appears to be a 
critical factor in controlling cell interactions within the biomaterial [177]. It is also 
necessary for the membrane to have a degree o f  rigidity to support the stress caused 
by the deformation and flattening o f cells [176]. The cellular size in relation to the 
porosity o f the membranes is another critical factor controlling cell adhesion and 
growth [178].
4.10 C onclusion
The findings o f this study demonstrate that BAEC and BASMC adhere to the 
surface o f a PVA-chitosan blended hydrogels and suggest that this material can 
provide a support scaffold for various bioreactor and tissue-engineering applications. 
The addition o f  chitosan to the PVA enhanced both BAEC and BASMC attachment 
and growth on the membranes.
The conclusions from this section are as follows:
• The concentration o f the chitosan solutions blended with the PVA solution 
effects cell adhesion on the surface o f the fabricated membranes.
• The use o f  water-soluble or insoluble chitosan showed no significant 
difference in the cell adhesion characteristics or cell morphologies.
• PVA-chitosan WS-1 and IS-1 displayed the best cell adhesion and growth 
(webbing) characteristics in comparison to control samples.
• Proliferation and apoptosis characteristics o f  vascular cells cultured on the 
PVA-chitosan WS-1 were favourable in comparison to cells cultured on 
control samples under static (BAEC and BASMC) and low level shear 
conditions (BAEC).
In conclusion, PVA-chitosan WS-1 and IS-1 membranes were selected to
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study the mechanical and morphological properties. These mechanical and 
morphological test conditions and results which were based on the vascular cell 
growth and activity characteristics are presented in Chapter 5.
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Chapter 5
Mechanical and Morphological 
Evaluation of Hydrogels
PVA-chitosan WS-1 and IS-1 membranes showed the best adhesion and 
growth characteristics, from the results presented in Chapter 4. These two membrane 
compositions were therefore selected for more detailed mechanical and 
morphological testing. The mechanical testing o f  these two membrane compositions 
are described and the results presented in this chapter.
The necessary mechanical properties o f a vascular tissue substitute material 
include mechanical integrity, compliance properties similar to vascular tissue and 
ease o f manufacture. Hydrogels possess many characteristics, such as tissue-like 
elasticity, perm eability and mechanical strength that can be engineered for the 
application o f choice [127] and the appearance and feel o f  PVA hydrogels are similar 
to native arterial tissue. Chu and Rutt [132] and O ’Flynn et al [148] have developed 
PVA arterial vessels with similar mechanical properties to that o f porcine aortas and 
human carotid arteries respectively.
In this study, mechanical testing o f PVA, PVA-chitosan WS-1 and IS-1 
hydrogels was conducted. PVA-chitosan WS-1 and IS-1 were selected for the 
mechanical and morphological evaluation study as they displayed similar cell 
adhesion, cell growth characteristics and cell morphologies in comparison to 
biological control samples (Chapter 4). To determine the effect o f  chitosan on the
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mechanical and morphological characteristics o f  the PVA, pure PVA hydrogel 
membranes were also fabricated.
Uniaxial extension tests, bi-axial inflation tests, vessel inflation tests and 
opening angle observations were used to mechanically characterise the PVA, PVA- 
chitosan WS-1 and IS-1 blended hydrogels. The morphological characteristics o f 
fabricated hydrogels were investigated by scanning electron microscopy (SEM).
5.1 Fabrication o f Hydrogel Test Specimens
The hydrogel solutions were prepared and crosslinked as previously 
described in Section 4.3 (Figure 5.1 details a summary o f  the preparation process, as 
previously shown in Figure 4.3). The number o f freeze-thaw cycles was varied in 
order to adapt the mechanical properties o f the hydrogel solutions.
Figure 5.1 Schematic detailing the PVA-chitosan hydrogel membrane 
preparation process.
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5.1.1 Uniaxial Tensile Specimens
A mould was manufactured from perspex to produce sheets o f  hydrogel 
2.5mm in thickness. The mould was filled with the PVA-chitosan solution, frozen for 
12 hr at -20 °C and thawed for 12 hr respectively (1 freeze-thaw cycle). Tests were 
conducted on the PVA, PVA-chitosan IS-1 and PVA-chitosan WS-1 hydrogels. The 
properties o f the three blends o f hydrogels were determined for 1, 2, 3 and 4 freeze- 
thaw cycles. The sheets o f hydrogels were removed from the mould then submerged 
in a coagulation bath for 60 min after the final freeze-thaw cycle as previously 
described (Section 4.3).
In order to ensure consistent shape and dimensions for all test specimens a 
dogbone-shaped cutting device was designed and manufactured from stainless steel 
(Figure 5.2). The overall specimen size was 80 mm x 14 mm overall. The standard 
dogbone shape design was implemented to minimise the effects o f stress 
concentrations in the grip contacting regions o f the material and to control the 
location o f  fracture, i.e. to the middle o f the test specimen. The filleted com ers o f  the 
dogbone shaped samples enabled any stress concentrations at the end o f the grips to 
be dissipated through these fillets at the end o f each grip face providing gradual 
relief. Before testing the specimens, the thickness o f each piece was measured using 
a depth micrometer. The middle segment o f the specimen had a uniform cross- 
sectional area, and was assumed to undergo uniform reduction when the sample was 
subjected to tension. A ratio o f 4:1 for the gauge length (12 mm): gauge width (4 
mm) was incorporated in the design. The hydrogel tensile specimens were placed in 
distilled water at room temperature prior to use for up to 1 week. Uniaxial tensile 
specimens were fabricated for PVA, PVA-chitosan WS-1 and PVA-chitosan IS-1.
Figure 5.2 Stainless steel cutting device and dog-boned shaped PVA sample.
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5.1.2 Biaxial Test Specimens
The PVA-chitosan solution was poured into a perspex mould capable o f 
manufacturing 2 bi-axial membranes (Figure 5.3). The membranes were 45 mm in 
diameter and fabricated with a thickness o f 1.5 mm. The mould consists o f a base 
plate and top plate, screwed together with 6 screws. The mould was placed in a 
freezer at -20° C and frozen for 12 hr. Samples were thawed at room temperature for 
a further 12 hr. Specimens were made-up with 1, 2, 3 and 4 freeze-thaw samples. The 
top plate was taken off the mould and the base plate was placed in a coagulation bath 
for 30 min to polyermise the chitosan in the PVA-chitosan solution after the final 
freeze-thaw cycle. Finally the membranes were stored in distilled water at room 
temperature in order to retain moisture and prevent dehydration for up to 1 week.
Figure 5.3 Mould for manufacturing PVA-chitosan bi-axial membranes.
5.1.3 PVA-Chitosan Hydrogel Vessels
To fabricate the PVA-chitosan hydrogel vessels (dimensions; length = 100 
mm, outer diameter = 13.5 mm, thickness 1.5 mm), a mould was designed and 
manufactured from perspex (Figure 5.4). Its consists o f two outer sections that slot 
into one another, two end pieces and a perspex mandrel, held together with plastic 
screws. In order to minimise evaporation o f water the PVA-chitosan solution was 
minimally exposed to air and the mould was sealed immediately after filling. It was 
stored vertically at room temperature for 1 hr to allow the air bubbles to rise out o f 
the solution. Following this, the PVA-chitosan hydrogel solution was polymerised as 
previously described while manufacturing the unaxial tensile and bi-axial specimens. 
The vessels were stored in a bath of distilled water at room temperature to prevent 
dehydration prior to use for up to 1 week. Figure 5.5 shows an example o f  a PVA- 
chitosan vessel that was produced.
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Figure 5.4 Perspex mould used in the fabrication o f arterial vessels.
Figure 5.5 Sample PVA-chitosan hydrogel vessel. The vessel was fabricated 
from PVA and chitosan solutions blended at a ratio o f  3:2, then 
crosslinked using a combination o f  freeze-thaw cycles and 
submersion into a potassium sulphate coagulation bath.
5.2 Mechanical Characterisation of Hydrogels
5.2.1 Uniaxial Tensile Test
The uniaxial tensile tests were performed on a Zwick Z005 displacem ent 
controlled tensile testing machine. Stainless steel grips, the gripping faces o f  which 
were covered with emery paper to prevent slippage during loading, were mounted 
onto the tensile testing machine. Extension o f  the specimen was taken to be the 
crosshead displacement. All tests in this study were loaded until failure o f  the 
hydrogel specimen occurred. However, preconditioning o f  selected specimens was 
conducted to a predefined load at a strain rate o f 60 % m in '1.
Two preconditioning cycles were performed and equilibrium was reached 
where no further change occurred in the material stress versus strain curve after two 
cycles. A strain rate o f 60 % m in '1 was used to test the specimens to failure after the
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preconditioning. Tests were also conducted on samples loaded to failure at a strain 
rate o f 60 % m in '1 without preconditioning. In addition, specimens cut in both the 
horizontal and vertical directions were tested to verify the isotropic behaviour o f the 
material (Figure 5.6).
Figure 5.6 Uniaxial stress versus strain specimens cut in the vertical and 
horizontal directions from a PVA-chitosan WS hydrogel sheet 
that underwent 3 freeze-thaw cycles.
At the start o f  each test, the load was calibrated and balanced to zero to 
ensure accurate results. The gauge length was also set to zero at the beginning o f 
each test. The tests were stopped when tearing began at either the grips or along the 
length o f  the specimen. Load, displacement, gauge length and cross sectional area 
were recorded for each specimen. The engineering stress was obtained by dividing 
the instantaneous load by the original cross sectional area. The engineering strain 
was determined by dividing the change in length by the original length. The original 
length o f each specimen was taken as the distance between the custom made stainless 
steel grips. Finally the engineering stress and strain values were converted to true 
stress and true strain values using the following equations:
o t =  g e ( 1 + 6 e ) (1)
eT = ln ( l+ e E) (2)
where,
ge = Engineering Stress 8j = True Strain
£e = Engineering Strain gj = True Stress
For a more comprehensive explanation on the conversion o f  engineering stress and 
strain to true stress and strain see Appendix B.
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5.2.2 Biaxial Testing
Biaxial testing was performed on a static custom made bubble inflation 
apparatus (Figure 5.7, A). The circular hydrogel samples were clamped in position 
by 4 screws to prevent air leakage during inflation with an aluminium ring o f internal 
diameter 30 mm. The thickness o f the hydrogel specimens was measured using a 
depth micrometer and slip gauges (Figure 5.7, B) at several places on the specimen 
and the average value was recorded. The apparatus consisted o f a fabricated PVA- 
chitosan WS-1 hydrogel circular specimens that had undergone 2 freeze-thaw cycles, 
additional tubing, a low pressure transducer (Jofra Calibrators, 3520 Farum, 
Denmark), a valve and a pressure inflation device (M edtronic, Ireland) used to apply 
an internal pressure. The pressure applied to the membrane was measured by the 
pressure transducer. The specimen was inflated by a hand operated high pressure 
inflation device that is normally using to inflate the balloon during balloon 
angioplasty and stenting procedures. Samples were inflated until rupture or until 
maximum extension o f the pressure inflation device had been achieved. The 
deformation o f  the specimen was recorded using a depth micrometer and slips 
gauges at various pressure increments as shown in Figure 5.8.
5.2.3 Residual Stress M easurement
The existence o f opening angles in the PVA-chitosan vessels was 
investigated. Rings o f  3 mm in length, were cut from the vessels. They were then cut 
along the radial direction and images were taken immediately and after 5 min. 
Opening angles were measured from photographs according to a common definition 
with angle sides running from each end o f  the sector to its centre [179] (Also see 
Section 3.2).
5.2.4 Vessel Inflation Testing
A PVA-chitosan hydrogel vessel maintained at a constant length with a pre­
defined axial strain was inflated by applying an internal pressure. The apparatus 
consisted o f  a fabricated PVA -chitosan WS-1 hydrogel tubular sample that had 
undergone 3 freeze-thaw  cycles, additional tubing, a low  pressure transducer
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Figure 5.7 Bubble inflation testing apparatus setup and depth micrometer.
(A) The hydrogel sample was clamped with an aluminium ring. The 
sample was then inflated by applying an internal pressure. (B) A 
depth micrometer and slip gauges used to measure thickness o f 
samples and deformation o f the hydrogel samples during inflation.
Figure 5.8 Bubble inflation measurement configuration.
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Figure 5.9 Apparatus used to inflate the PVA-chitosan WS hydrogel vessels.
Axial strains o f 0 %, 10 %, 20 % and 30 % were applied to the vessels 
which were inflated at internal pressures ranging from 0-16 kPa. The 
internal pressures and corresponding external diameters o f  the vessels 
were recorded.
(Jofra, Denmark), a valve and a pressure inflation device (Medtronic, Ireland) used to 
apply an internal pressure (Figure 5.9). The internal pressure was measured by the 
pressure transducer. Digital vernier callipers were used to measure the external 
diameter o f the hydrogel vessel at internal pressures ranging from 0-16 kPa. Pressure 
versus diameter data was recorded for PVA-chitosan WS-1 hydrogel tubes, which 
were subjected to an axial strain o f  0 %, 5 %, 10 % and 20 % respectively.
Internal pressurisation o f the hydrogel vessel represents a three-dimensional 
stress and strain  state. The pressure versus d iam eter data acquired  from  this 
experimental setup was compared to the pressure versus diameter response o f a finite 
element model o f the hydrogel vessel simulated using the uniaxial data for the PVA- 
chitosan WS-1 hydrogel subjected to 3 freeze-thaw cycles.
The effective use o f the one-dimensional data to predict a three-dimensional 
response aims to validate the use o f  uniaxial data when simulating this PVA-chitosan 
fabricated hydrogel.
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5.2.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a powerful method for analysing the 
physical properties o f hydrogels. The SEM is a microscope that uses electrons rather 
than light to form an image and provides nanometer resolution o f a sample. The use 
o f this technique allows for observation o f the polymeric network o f the PVA 
hydrogel. Such observations may increase the understanding o f molecular 
interactions o f  the PVA-chitosan hydrogels and may lead to improved sample 
preparation. The cross-sectional structure o f the PVA-chitosan blended hydrogels 
were examined using a Hitachi S 300N scanning electron microscopy (SEM). Images 
were analysed with SEM Image Analysis software (Oxford Instruments, UK).
A morphological characterisation o f the networks may increase 
understanding o f the molecular interactions that define the physical and mechanical 
properties o f  the PVA-chitosan hydrogel. Prior to SEM examination, the hydrated 
hydrogel samples were cut into squares (15 mm x 15 mm), frozen overnight at -80 °C 
and then freeze-dried in a Labconco Freeze Dry Freezone System for 10 hr. The 
dehydrated hydrogel specimens were placed in a mini vice in order to examine the 
cross section structure o f  the hydrogel. Samples were analysed under vacuum and 
with an operating voltage o f 20 kV. The effects o f blending PVA with water-soluble 
and -insoluble chitosan were investigated.
5.3 Results
5.3.1 Uniaxial Tensile Tests
Repeatability o f  Experiments
In order to determine whether the PVA-chitosan experiments showed 
repeatability, a number o f specimens for each hydrogel were tested. Figure 5.10 
shows the repeatability o f the PVA-chitosan WS-1 hydrogel with 4 freeze-thaw 
cycles. Clearly, good repeatability o f the experiments has been achieved, especially 
within the strain range o f  0 to 0.4. Appendix E contains repeatability test results for 
PVA, PVA-chitosan IS -1 and PVA-chitosan WS-1 hydrogels specimens.
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2.5
Strain
Figure 5.10 Uniaxial stress versus strain data for PVA-chitosan WS hydrogel 
samples that underwent 4 freeze-thaw cycles. (S = Specimen).
Effect o f Number o f Freeze-Thaw Cycles
The number o f freeze-thaw cycles that the PVA, PVA-chitosan IS and PVA- 
chitosan WS hydrogels was varied to determine the effect on the stress versus strain 
behaviour o f the hydrogel. For the PVA-chitosan IS, PVA-chitosan WS and PVA 
(Figure 5.11, 5.12, 5.13) hydrogels it was evident that there was a definite variation 
in the elastic behaviour o f the various samples for 1, 2, 3 and 4 freeze-thaw cycles. 
The stiffness o f each hydrogel increased as the number o f  freeze-thaw cycles 
increased.
Strain
Figure 5.11 Uniaxial stress versus strain data from PVA hydrogel samples 
that underwent 1 , 2 , 3  and 4 freeze-thaw cycles.
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Strain
Figure 5.12 Uniaxial stress versus strain data from PVA-chitosan IS hydrogel 
samples that underwent 1 , 2 , 3  and 4 freeze-thaw cycles.
0  0 . 2  0 . 4  0 . 6  0 . 8  1 1 . 2  1 . 4
Strain
Figure 5.13 Uniaxial stress versus strain data from PVA-chitosan WS 
hydrogel samples that underwent 1 , 2 , 3  and 4 freeze-thaw cycles.
Comparison o f  Hydrogels
All hydrogels were fabricated in the same manner, in terms o f  the number o f  
freeze-thaw cycles and submersion into a coagulation bath. Therefore it was 
necessary to examine the effect the water-soluble and -insoluble chitosan had on the 
properties o f the hydrogels (PVA-chitosan IS, PVA-chitosan WS) compared to the 
PVA hydrogel without chitosan.
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In Figure 5.14 (1 freeze-thaw cycle), the PVA, the PVA-chitosan IS and 
PVA-chitosan WS hydrogels displayed similar elastic behaviour. A change in the 
elastic behaviour o f the PVA-chitosan IS and PVA-chitosan WS hydrogels compared 
to the PVA was evident for in Figure 5.15 (2 freeze-thaw cycles). However, the 
stress versus strain behaviour o f the PVA-chitosan IS and PVA-chitosan WS 
remained very similar (Figure 5.14-5.17). There was a greater change in the elastic 
response o f  the PVA-chitosan IS and PVA-chitosan WS in comparison to the PVA 
hydrogel as shown in Figure 5.16 (3 freeze-thaw cycles). Finally Figure 5.17 (4 
freeze-thaw cycles), also showed a significant difference in the stress versus strain 
behaviour o f the PVA-chitosan IS and PVA-chitosan WS compared to the PVA 
hydrogel specimen.
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Figure 5.14 Comparison of the uniaxial stress versus strain data from PVA, 
PVA-chitosan IS and WS hydrogel specimens (1 freeze-thaw  
cycle).
This interesting finding can be explained by close examination o f  the 
polymerisation o f the hydrogels. It has been shown by Chu and Rutt [132] that PVA 
stiffens as the number o f freeze-thaw cycles is increased as has already been shown 
in Figure 5.11 This characteristic was also evident for the PVA-chitosan IS and 
PVA-chitosan WS hydrogels. However comparing the three blends o f hydrogels it 
was evident that there was a greater rate o f stiffening o f the PVA than the PVA- 
chitosan IS and PVA-chitosan WS hydrogels. During the freeze-thaw cycles the 
PVA  w as po lym erised  and as the num ber o f  freeze -thaw  cycles in creased  the
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Strain
Figure 5.15 Comparison of the uniaxial stress versus strain data from PVA, 
PVA-chitosan IS and WS hydrogel specimens (2 freeze-thaw  
cycles).
Strain
Figure 5.16 Comparison of the uniaxial stress versus strain data from PVA, 
PVA-chitosan IS and WS hydrogel specimens (3 freeze-thaw  
cycles).
stiffness o f  the PVA increased (Figure 5.11). For the PVA -chitosan IS and WS 
hydrogels the PVA was again polymerised during the freeze-thaw cycles. While the 
chitosan was encapsulated in the PVA matrix, it was not polyermised during the 
freeze-thaw  cycles. The hydrogels were subm erged in the coagulation bath to 
polym erise the ch itosan  and neu tra lise  the pH o f  the hydrogel. In regard  to 
determining the mechanical properties o f the materials, the PVA was certainly the 
more m echanically significant material. W hile the chitosan did contribute to the
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Figure 5.17 Comparison of the uniaxial stress versus strain data from PVA, 
PVA-chitosan IS and WS hydrogel specimens (4 freeze-thaw  
cycles).
mechanical properties, it was the freeze-thaw cycles that significantly affected the 
elastic behaviour o f the hydrogels. Therefore the difference in the stiffness o f the 
PVA compared to the PVA-chitosan IS and PVA-chitosan WS hydrogels is due to 
the fact the PVA was composed o f the 10 % PVA solution only while the PVA- 
chitosan hydrogels were composed o f the 10 % PVA and 1 % chitosan solutions 
blended at a ratio o f  3:2. Comparing the PVA-chitosan IS and PVA-chitosan WS 
hydrogels showed that the use o f water-soluble or insoluble chitosan was 
insignificant for 1, 2, 3 and 4 freeze-thaw cycles. In light o f this finding, it may be 
concluded that as the number o f  freeze-thaw cycles increases, the PVA stiffens at a 
greater rate than the PVA-chitosan IS and PVA-chitosan WS hydrogels.
Comparison o f  Vertical and Horizontal Unidirectional Specimens
In order to exemplify the homogeneous nature o f the PVA-chitosan 
membrane, samples were cut out o f a PVA-chitosan hydrogel sheet in both the 
vertical and horizontal directions (Figure 5.6). The uniaxial stress versus strain 
characteristics shown in Figure 5.18 showed as expected that PVA-chitosan 
specimens cut in both directions have a similar stress versus strain relationship.
119
0  0 . 2  0 . 4  0 . 6  0 . 8  1 1 . 2  1 . 4
Strain
Figure 5.18 Uniaxial stress versus strain data for two PVA-chitosan WS 
hydrogel specimens cut out in vertical and horizontal directions 
from the same hydrogel sheet that underwent 3 freeze-thaw  
cycles.
Comparison o f  PVA-chitosan WS to Porcine Aorta
The uniaxial stress versus strain curves for PVA-chitosan WS specimens for 
1, 2, 3 and 4 freeze-thaw cycles were compared to five uniaxial stress versus strain 
curves for porcine aortic tissue [180]. Clearly, the PVA-chitosan WS samples bear a 
close resemblance to the porcine aortic tissue especially within the strain range o f 
interest (Figure 5.19). The PVA-chitosan WS specimens that experienced 1, 2 and 3 
freeze-thaw cycles had similar stress strain characteristics within the strain range o f 
0-0.6. The hydrogel fabricated with 4 freeze-thaw cycles was stiffer compared to the 
uniaxial stress versus strain curves for all five porcine aortic samples. These results 
indicate that the uniaxial stress versus strain characteristics for PVA-chitosan WS 
specimens fabricated with 1, 2 and 3 freeze-thaw cycles closely resembled the 
uniaxial stress versus strain curves for porcine aortic tissue, with 1 freeze-thaw and 3 
freeze-thaw cycles representing the softer and stiffer porcine aortic specimens 
respectively.
Effect o f  Preconditioning
The hydrogel specimens were preconditioned to determine whether there was any 
variation in the elastic behaviour o f  the hydrogels during cyclic loading. Specimens 
o f  PVA, PVA -chitosan IS and WS hydrogel specim ens that underw ent 1 and 4
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Figure 5.19 Uniaxial stress versus strain data from PVA-chitosan WS 
hydrogel samples that underwent 1, 2, 3 and 4 freeze-thaw cycles 
compared to five uniaxial stress versus strain curves for porcine 
aortic tissue. Porcine data digitised from Prendergast et al [180] 
(using xyextract© digitising software).
freeze-thaw cycles (plus coagulation bath) were preconditioned twice. Due to the 
variation in the stress versus strain relationships o f the hydrogels subjected to 1 or 4 
freeze-thaw  cycles, the specim ens that underw ent 1 freeze-thaw  cycle w ere 
preconditioned to a maximum load o f 0.3N while specimens that underwent 4 freeze- 
thaw cycle to a maximum load o f IN  at a strain rate o f 60 % m in '1. Cyclic loading 
was performed to the specified loads for two consecutive cycles and then finally 
loaded to failure. In Figures 5.20 and 5.21, it can clearly be seen that the response 
becomes more com pliant after the initial cycle. For the PVA specim ens (Figure 
5.22), the effect o f  the preconditioning was not as prominent as for the PVA-chitosan 
IS and WS hydrogel specimens. For all hydrogel specimens in the third cycle, it was 
evident that the response o f  the loading was very sim ilar to the cyclic loading 
(loading/unloading) in the second cycle. In addition, all hydrogel specimens dissipate 
m ost energy in the first cycle. By preconditioning the hydrogel specim ens, the 
material tends to become less stiff. The preconditioning o f the hydrogels shows 
hysteresis where the loading and unloading o f  the specimen causes a change in the 
response to future loads. W hen the hydrogel specimens were subjected to cyclic 
loading, the stress versus strain curves for unloading fall below that for loading, 
forming this hysteresis loop. The area enclosed by this hysteresis loop represents the 
strain energy lost in each cycle. Appendix F contains results o f  PVA, PVA-chitosan
0 . 2  0 . 4  0 . 6  0 . 8  1 1 . 2  1 . 4
Strain
  PVA-Chitosan
  Porcine Aorta
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Figure 5.20 Two preconditioning cycles of PVA-chitosan IS to a load of 0.3N  
which was then loaded to failure (1 freeze-thaw cycle).
Strain
Figure 5.21 Two preconditioning cycles of PVA-chitosan WS to a load o f 0.3N  
which was then loaded to failure (1 freeze-thaw cycle).
IS-1 and PVA-chitosan WS-1 hydrogels specimens that were preconditioned to a 
maximum load o f IN. Similar characteristics were evident under the increased 
preconditioned load.
5.3.2 Biaxial Inflation Tests
A static bubble inflation test apparatus was used to illustrate the difference in 
biaxial properties between the PVA and the PVA-chitosan hydrogel specimens. The
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Figure 5.22 Two preconditioning cycles of PVA to a load of 0.3N which was 
then loaded to failure (1 freeze-thaw cycle).
pressure and the height o f the bubble were recorded for increasing pressure. The 
bubble height versus pressure response for PVA-chitosan IS-1, PVA-chitosan WS-1 
and PVA again display good experimental repeatability (Figure 5.23-5.25). 
Comparison o f  the biaxial specimens (2 freeze-thaw cycles) illustrate that both PVA- 
chitosan compositions have similar inflation properties (Figure 5.26). There was a 
significant reduction in the bubble height o f PVA, reiterating what has been already 
shown, that as the number o f freeze-thaw cycles was increased the greater the 
difference in the stress versus strain response o f  PVA in comparison to the PVA- 
chitosan samples. Figure 5.27 illustrated the reduction in the bubble height o f  PVA- 
chitosan membranes for a given input pressure as the number o f freeze-thaw cycles 
was increased.
5.3.3 Opening Angle Measurements
To determine whether opening angles existed in the PVA-chitosan hydrogel 
vessels, rings were cut in the radial direction. The opening angles were measured 
from photographs. For all vessels, no opening angles were present (eg: Figure 5.28). 
This finding suggests that there are no significant residual stress in the PVA-chitosan 
hydrogel vessels.
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Figure 5.23 Bubble height versus pressure response for PVA-chitosan IS 
hydrogel samples that underwent 2 freeze-thaw cycles. (S =
Specimen)
Pressure (kPa)
Figure 5.24 Bubble height versus pressure response for PVA-chitosan WS 
hydrogel samples that underwent 2 freeze-thaw cycles. (S =
Specimen).
5.3.4 Vessel Inflation Tests
Internal inflation o f thick-walled tubes was used to determine the structural 
response o f  PVA-chitosan WS-1 hydrogel vessels. The external diam eter o f  the 
vessels with axial strains o f 0 %, 5 %, 10 % and 20 % respectively was plotted at 
stepped increases o f  internal pressure. For comparison purposes, a finite element 
model o f this experiment was constructed using the methods described in Chapter 3.
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Figure 5.25 Bubble height versus pressure response for PVA hydrogel WS 
samples that underwent 2 freeze-thaw cycles. (S = Specimen).
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Figure 5.26 Comparison of bubble height versus pressure response from PVA, 
PVA-chitosan IS and WS hydrogel specimens (2 freeze-thaw  
cycles).
The uniaxial data for PVA-chitosan WS-1 that had undergone 1, 2, 3 and 4 freeze- 
cycles previously presented in this chapter (Figure 5.13) was used to determine 
coefficients for the Ogden 2 parameter constitutive model (Table 5.1). The structural 
response o f  the numerical model was compared to the experimental measurements 
for the PVA-chitosan hydrogel vessels that had undergone 3 freeze-thaw cycles, as 
shown in Figure 5.29. Exam ination o f  the overall experim ental response o f  the 
vessels associated with specific axial strains (Figure 5.29, A) illustrated that as the
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Figure 5.27 Bubble height versus pressure response from PVA-chitosan WS 
hydrogel samples that underwent 1 , 2 , 3  and 4 freeze-thaw cycles.
Radial Cut
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Figure 5.28 A radial cut was made in a ring from a PVA-chitosan WS vessel. 
(3 freeze-thaw cycles)
PVA-chitosan WS-1 Material Coefficients (kPa)
Freeze-thaw  
cycles fj. j Hi a , «2 error
1 8.90 4.31 xlO '5 6162.6 1716.9 5.63x1 O'4
2 4.54 14.71 8075.1 4604.8 4.89x10 '3
3 13.97 8.65X10'8 7076.4 5100.5 4.70x10‘3
4 3.42x1 O'5 31.09 2633.1 6599.3 9.79x10'3
Table 5.1 Hyperelastic material constants to describe PVA-chitosan WS-1 
for 1, 2, 3 and 4 freeze-thaw cycles based on experimental data 
from uniaxial tension tests (Figure 5.11). The parameters describe a 
2 parameter Ogden model.
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Outer Diameter (mm)
Figure 5.29 Comparison of the experimental and numerical inflations of a 
PVA-chitosan WS-1 hydrogel vessel (3 freeze-thaw cycles). (A)
Experimental pressure versus diameter relationship plot o f  the 
hydrogel vessel with no axial, 10 %, 20 % and 30 % axial strains, n = 
3. (B) Numerical pressure versus diameter relationship o f the 
hydrogel vessel with no axial, 10 %, 20 % and 30 % axial strains.
axial strain increased the un-pressurised outer diameter o f the vessel decreased. As 
the pressure was increased (above -8  kPa), a change in the response o f the vessels 
was noted. Similar characteristics were also evident in the numerical model 
predictions (Figure 5.29, B).
Figures 5.30 to 5.33 show the pressure versus outer diameter plots comparing
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Outer Diameter (mm)
Figure 5.30 Pressure versus diameter plots comparing the experimental and 
numerical inflations of PVA-chitosan WS-1 hydrogel vessels with 
no axial strain. (3 freeze-thaw cycles)
Outer Diameter (mm)
Figure 5.31 Pressure versus diameter plots comparing the experimental and 
numerical inflations of PVA-chitosan WS-1 hydrogel vessels with 
axial strain of 10 % . (3 freeze-thaw cycles)
the experimental and numerical inflations o f PVA-chitosan WS-1 hydrogel vessels 
with 0 %, 10 %, 20 % and 30 % axial strains respectively. Good agreement can be 
seen between the numerical and experimental results for all axial strains, indicating 
that constitutive models based on uniaxial data predict the vessel structural behaviour 
quite well for static internal pressurisation.
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Figure 5.32 Pressure versus diameter plots comparing the experimental and 
numerical inflations of PVA-chitosan WS-1 hydrogel vessels with 
axial strain of 20 %. (3 freeze-thaw cycles)
Outer Diameter (mm)
Figure 5.33 Pressure versus diameter plots comparing the experimental and 
numerical inflations of PVA-chitosan WS-1 hydrogel vessels with 
axial strain of 30 %. (3 freeze-thaw cycles)
5.3.5 Scanning Electron Microscopy
M acroporous hydrogels, based on the various blends o f  PVA with chitosan, 
were dehydrated by freeze drying prior to investigation. The effects o f  blending PVA 
with water-soluble and -insoluble chitosan on the morphology and pore distribution
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were investigated by SEM. The SEM images o f three hydrogel compositions, namely 
PVA, PVA-chitosan WS and PVA-chitosan IS provide high magnification images o f 
cross-sections o f  the materials. Macroscopically, all membranes appear opaque. The 
microscopic analyses o f the membranes displayed distinct differences in the 
composition o f  the each dehydrated hydrogels for 1, 2 and 4 freeze-thaw cycles.
Figure 5.34 displays a porous morphology for 1, 2 and 4 freeze-thaw cycles 
o f a pure PVA hydrogel. Larger pores were evident for 1 freeze-thaw cycle o f PVA 
(Figure 5.34, A) in comparison to 2 freeze-thaw cycles (Figure 5.34, B). No 
significant visual differences are apparent in the cross-sectional structure o f the PVA 
for 2 and 4 freeze-thaw cycles. For all freeze-thaw cycles o f PVA, an ordered 
structure was evident, suggesting a homogenous structure. W hen water-soluble or 
insoluble chitosan was added to the PVA, significant changes were apparent in the 
internal structure o f  the hydrogel compositions (Figures 5.35 and 5.36). A similar 
structural morphology for both water-soluble and insoluble chitosan was evident for 
1, 2 and 4 freeze-thaw cycles. The PVA-chitosan WS and IS hydrogel that underwent 
1 freeze-thaw cycle, had a sponge like cross-sectional structure (Figures 5.35, A and 
5.36, A). After 2 freeze-thaw cycles, larger pores were evident for both hydrogel 
compositions (Figures 5.35, B and 5.36, B). Finally, following 4 freeze-thaw cycles, 
the pores were o f similar size to the pores after 2 freeze-thaw cycles but were much 
more clearly defined (Figures 5.35 (C) and 5.36, C). A histogram o f the average pore 
diameters was generated (Figure 5.37) from three 1000X cross sectional SEM 
images (n = 3) o f  the dehydrated PVA, PVA-chitosan IS and PVA-chitosan WS 
hydrogel membranes following 1, 2 and 4 freeze-thaw cycles. There were 
approximately 40 ± 15 pores per image. Only one (representative image) o f these 
images is shown in Figure 5.34-5.36. The histogram illustrates that there was no 
significant difference in the average pore diameter for PVA following 1, 2 and 4 
freeze-thaw cycles (2.24, 2.44 and 2.47|nm respectively -  See Table 5.2). There was 
a significant increase in the average pore diameter following 2 freeze-thaw cycles for 
PVA-chitosan WS and IS membranes in comparison to average pore diameter 
following 1 freeze-thaw cycle. Another increase in the pore diameter o f the PVA- 
chitosan WS and IS membranes was evident following 4 freeze-thaw cycles in 
comparison to 2 freeze-thaw cycles.
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Figure 5.34 Cross-section SEM images of dehydrated PVA membranes. (A) 1
freeze-thaw cycle, (B) 2 freeze-thaw cycles and (C) 4 freeze-thaw 
cycles. Representative images, n =3. M agnification lOOOx.
(A)
(B)
(C)
Figure 5.35 Cross-section SEM images of dehydrated PVA-chitosan WS 
membranes. (A) 1 freeze-thaw cycle, (B) 2 freeze-thaw cycles and 
(C) 4 freeze-thaw cycles. Representative images, n =3. M agnification 
lOOOx.
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Figure 5.36 Cross-section SEM images o f dehydrated PVA-chitosan IS 
membranes. (A) 1 freeze-thaw cycle, (B) 2 freeze-thaw cycles and 
(C) 4 freeze-thaw cycles. Representative images, n =3. M agnification 
lOOOx.
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Figure 5.37 Average pore diameter of PVA, PVA-chitosan IS and PVA- 
chitosan WS. (Determined from the cross-section SEM images o f 
dehydrated hydrogel membranes using LabVIEW  software, n = 3)
It can be concluded that both water-soluble and insoluble chitosan have a 
similar affect on the morphological structure o f the material when blended with PVA. 
SEM images o f the internal PVA, PVA-chitosan WS and PVA-chitosan IS structure 
show a porous filamentous membrane which could allow the transport o f additives 
through the membrane. As previously shown in Chapter 4, PVA-chitosan WS and 
PVA-chitosan IS support vascular cell culture which indicates that the pore sizes in 
these hydrogels provide a suitable membrane for all cell growth. However, there was 
a marked difference on the maximum and minimum pore diameters o f the PVA- 
chitosan WS and IS membranes (See Table 5.2). Ideally a biomaterial for this 
application would have uniform pore architecture [181] that allows quantification o f 
the nutrient transport through the membrane.
5.4 Discussion
The mechanical and morphological properties o f  PVA and PVA-chitosan 
WS-1 and IS -1 blended membranes were evaluated. The mechanical behaviour o f the 
hydrogels was investigated by uniaxial tensile testing, biaxial experiments (bubble 
inflation techn ique and vessel inflation) and opening angle m easurem ents. SEM
134
PV A  Pore Diameters (jwm)
Freeze-thaw
cycles M aximum Minimum Average
1 3.68 1.61 2.24
2 3.76 1.73 2.44
4 3.80 1.67 2.47
PVA-chitosan IS Pore Diameters (jwm)
Freeze-thaw
cycles Maximum Minimum Average
1 3.71 1.95 2.50
2 11.19 2.26 6.44
4 15.19 4.16 7.29
PVA-chitosan WS Pore Diameters (jim)
Freeze-thaw
cycles M aximum Minimum Average
1 2.69 1.15 1.90
2 11.97 2.66 5.72
4 13.75 3.12 7.19
Table 5.2 M aximum, minimum and average pore diameters of PVA, PVA- 
chitosan IS and PVA-chitosan WS following 1, 2 and 4 freeze- 
thaw cycles.
analysis o f the cross-section o f hydrogel specimens was used to assess the changes in 
the pore diameter o f  the blended hydrogels for 1, 2 and 4 freeze-thaw cycles. 
Mechanical and morphological characterisation o f the hydrogels aims to increase 
knowledge o f  the material and thus facilitate future structural design and analysis o f 
hydrogels.
The results o f the uniaxial tests showed that the PVA and PVA-chitosan WS- 
1 and IS-1 blended hydrogels can be manufactured reliably with excellent 
repeatability, which is an important characteristic in the search for potential 
biomaterials [5]. It was also noted in the elastic responses for all hydrogel 
compositions that the materials (PVA, PVA-chitosan WS-1 and PVA-chitosan IS-1) 
stiffened as the number o f freeze-thaw cycles increased. Comparing PVA and PVA- 
chitosan (water-soluble and -insoluble) for a given number o f  freeze-thaw cycles
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showed that the PVA was the more mechanically dominant constituent. The use o f 
water-soluble or -insoluble chitosan had no influence on the stress versus strain 
characteristics o f  the PVA-chitosan blended samples. A preconditioning effect was 
apparent for all samples. However, it was more prominent for the PVA-chitosan 
blended specimens. After the initial preconditioning, all hydrogel displayed a similar 
loading and unloading response for subsequent loading cycles. Similar to PVA, 
which has been fabricated to match the constitutive response o f porcine aortic tissue
[132] and a human carotid artery [148], PVA-chitosan WS samples also closely 
resembled the response o f  porcine aortic tissue.
In order to mechanically characterise hydrogel vessels, biaxial tests were also 
required. W hilst the fabricated hydrogels had isotropic material properties it was 
necessary to evaluate their response in 2 or 3-dimensional scenarios (bubble and 
vessel inflation). The bubble inflation results from these studies demonstrated that 
the PVA-chitosan WS-1 response stiffens as the number o f freeze-thaw cycles was 
increased. The addition o f an axial strain to the vessel had the opposite effect to the 
pressure versus diameter response compared to arterial tissue. Instead o f the axial 
strain stiffening the pressure versus diameter response as with arterial tissue [59], the 
PVA-chitosan actually soften. As expected, no opening angles were evident in the 
PVA-chitosan vessels.
The SEM analysis o f the different hydrogel compositions that had undergone 
1, 2 and 4 freeze-thaw cycles illustrated a significant difference in cross-sectional 
analysis o f  the PVA due to the addition o f either water-soluble or -insoluble chitosan 
after 2 or more freeze-thaw cycles. A “sponge-like” structure was evident for the 
PVA after all freeze-thaw cycles. The significant change in the pore structure o f the 
PVA-chitosan membranes indicated that adding chitosan into the PVA solution 
dramatically changes the structure during the membrane formation. However, the 
pore structure was not regular, and a uniform pore size was not evident. A consistent 
porous hydrogel could be achieved using the overrun process [182], which is the 
process utilised in the manufacture o f soft ice cream. In this process, injected gas 
bubbles and ice crystals are used to create porous structures.
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5.5 Conclusion
This series o f  experiments indicate that the addition o f  chitosan to the PVA 
affects the mechanical behaviour and morphological structure o f the fabricated 
membrane. Therefore, these findings, coupled with those from the biological 
evaluation studies suggest that PVA-chitosan can be used to fabricate bioartificial 
vessels with appropriate mechanical and structural properties for in vitro vascular 
cell culture studies in a vascular bioreactor.
The conclusions from this study are as follows:
• The effect o f freeze-thaw cycles on the uniaxial, biaxial and vessel structural 
properties o f  PVA-chitosan WS-1 and IS-1 have been determined. The effect 
o f preconditioning has been shown to be significant. Uniaxial properties were 
within the range o f  porcine aortic tissue.
• Non-linear hyperelastic constitutive Ogden models have been used to 
describe the behaviour o f each PVA-chitosan WS membrane for 1, 2, 3 and 4 
freeze-thaw cycles.
• A numerical model o f the vessel response to internal pressurisation agrees 
well with experimental measurements for the 3 freeze-thaw cycle PVA- 
chitosan WS-1 hydrogel vessel.
• The number o f freeze-thaw cycles was shown to have a significant effect on 
the morphological characteristics o f the PVA-chitosan WS-1 and IS-1 
hydrogels membranes.
In conclusion, PVA-chitosan vessels can be fabricated whose behaviour can 
be modelled numerically and whose overall structural behaviour will be similar to 
porcine aortic vessels.
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Chapter 6 
Conclusions and Future Work
This study involved the development and evaluation o f a biomaterial to 
simultaneously mimic the mechanical properties o f vascular tissue while providing 
the biological cues required to support vascular cell growth. The findings o f all three 
separate studies indicated the significant potential o f  PVA-chitosan for use in 
bioartificial vessels.
The finite element analysis o f the iliac arteries highlighted the need for more 
experimental data (uniaxial and biaxial) on the intima, media and adventitia in order 
to replicate the constitutive properties o f the arteries more appropriately. There was a 
limited effect o f  residual stresses on the structural response o f  the arterial models 
presented in this study. However, the wall stresses may be more significantly 
affected by the residual stress. Holzapfel at al [15] have developed the most 
advanced constitutive equation to date which accounts for the anisotropic behaviour 
o f the material [35]. Therefore, ideally future finite element models o f arterial tissue 
should use a constitutive equation that includes anisotropy to characterise the 
structural response and wall stresses o f the artery, once models o f this type are more 
widely available in finite element simulation software.
The material investigations presented uniaxial, biaxial and the structural 
response o f  the PVA-chitosan membranes. While previous studies have examined the 
PVA [132,148], the investigations o f PVA blended with water-insoluble and -soluble
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chitosan are novel. The proposed material (PVA-chitosan WS-1) displayed a 
mechanical response similar to porcine aortic tissue.
The findings o f  the biological experiments demonstrated that vascular cells 
adhered to the PVA-chitosan water-soluble and -insoluble membranes. PVA-chitosan 
WS-1 and IS-1 displayed favourable behaviour in terms o f cell growth and 
morphology. BAEC and BASMC cultured on PVA-chitosan WS-1 exhibited 
comparable proliferation and apoptosis characteristics to control samples. Previous 
studies [96,97], investigated adhesion o f fibroblast cells on PVA blended with water- 
insoluble chitosan. In addition, water-soluble chitosan was a new constituent for this 
kind o f experiments and may have other applications.
6.1 Experim ental Limitations
A description o f the experimental limitations for each research discipline 
aims to facilitate the appropriate use o f the results obtained.
6.1.1 Numerical Models
An idealised geometry o f artery in the stress free states were assumed based 
on the strain-energy function developed by Chuong and Fung [51]. However, in most 
cases noncircular arterial segments (albeit, slightly noncircular) are evident [183]. 
The idealised geometries had the same opening angle, actual internal and external 
radii as the artery but an averaged wall thickness. In addition, this strain-energy 
function assumed that the artery had homogenous material properties. Also 
Raghavan et al [183], hypothesised that for an artery with a given residual stress, a 
short segment will reveal a different opening angle compared to a long segment o f 
that artery. Therefore, based on the fact that the residual stress is lower in a short 
arterial segment for a given opening angle, they suggested that a shorter segment will 
reveal a smaller polar angle (20, see Figure 3.1) or a larger opening angle. 
Furthermore, they proposed that the length to thickness ratio o f  ten or more was 
desirable for consistency with in vivo conditions. In the case o f the opening angles 
measurements in Schulze-Bauer et al [59], a length to thickness ratio o f ten or more 
was not implemented for all layers o f the arterial specimens.
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The Ogden constitutive equation was used in the finite element 
representations o f  the artery. This model is an isotropic hyperelastic model and 
therefore does not fully represent the arterial tissue mechanical characteristics since 
the arterial tissue has been identified as being anisotropic [35]. It is important to 
examine the stress versus strain response o f arterial tissue, in order to understand this 
limitation in relation to the calculation o f stresses. The experimental data for each 
layer o f the human external iliac artery used to define the Ogden model illustrates the 
key characteristics o f the non-linear stress-strain behaviour o f soft tissue. However, 
experimental testing has shown that there is a great deal o f variability in the stress 
versus strain response o f arterial tissue in the uniaxial deformation mode [44,180]. 
Whilst an anisotropic model would be more accurate it is clear that the variability in 
the tissue elasticity would necessitate a host-specific anisotropic model to accurately 
represent the arterial tissue. The Ogden model presented here for each layer o f the 
artery was based on published data but limited to uniaxial data. Models were 
simulated for axial and circumferential uniaxial tensile tests to account for the 
variability in the tissue samples. Although this model was based on uniaxial data 
alone, it is proposed that the addition o f biaxial stress versus stretch data to the 
current model would represent an appropriate compromise to a host specific 
anisotropic model. To represent the variability o f tissue, it is possible to develop 
several isotropic models covering the range o f arterial tissue elasticity, based on both 
uniaxial and biaxial stress versus stretch data [184].
Arterial tissue also exhibits viscoelastic properties such as strain rate 
dependency [30,31]. The Ogden hyperelastic model does not account for the 
viscoelasticity o f arterial tissue. To minimise the affect o f this, all uniaxial 
experiments were conducted at the same strain rate and the arterial tissue was 
preconditioned.
6.1.2 Biological Evaluation
The in vitro cell study’s results are limited to the specific cell type utilised in 
the experiments (BAEC and BASMC). In determining membranes composition that 
displayed the most favourable growth for both BAEC and BASMC, cell counts on 
each membrane were taken from three 10X DAPI images which were often highly
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subjective. Although unbiased means were used in this analysis, the subjective nature 
is an intrinsic limitation o f  the study. In addition, the hydrogel samples that were 
exposed to a dynamic environment demonstrated that BAEC adhesion could 
withstand low levels o f  shear stress but this does not prove that BAEC could 
withstand physiological shear stress. However, the results do show that this is 
possible. The strength o f  cell adhesion could be tested by developing a flow loop that 
exposes the cells culture on the hydrogel to physiological shear stress.
6.1.3 M echanical Evaluation
Limitations were evident in experimental setups. Uniaxial elongation o f the 
material sample was based on the grip separation o f the mechanical tester 
(displacement-controlled testing) which is an indirect measurement. The biaxial 
inflation test was static test and deformation measurements were conducted with a 
depth micrometer. A dynamic test using a non-contact measurement device, for 
example a laser sensor, to measure the change in height o f  the bubble would provide 
more accurate data and enable controlled cyclic dynamic tests to be conducted. The 
phantom inflation testing presents some difficulties with respect to phantom 
placement. For accurate deformation measurements, the tube must be kept at 
constant length with a predefined axial displacement. In addition, no twisting can be 
induced in the tube. In practice, it was difficult to attach the phantom while strictly 
abiding by these guidelines. Although extreme care was taken for phantom 
placement, m inor phantom deformations most probably occurred. Phantom 
deformations were conducted using digital vernier callipers. This contact 
measurement method was not ideal and while great care was taken in measuring the 
phantom deformation it was inevitable that this was a source o f errors. Furthermore, 
as previously stated for the biaxial inflation test, more accurate data and greater 
flexibility in the tests protocols could be evaluated with the use o f a non-contact 
measurement device.
SEM analysis o f  the cross sectional structure o f  the hydrogel provided an 
excellent characterisation o f the material. However, some caution is warranted in 
interpreting the differences in the samples since these tests were conducted on 
dehydrated samples. To obtain a more accurate representation o f the material
141
characteristics cryo-high resolution SEM could be utilised. This tool enables the 
observation o f the polym er network o f hydrogels in their hydrated state, which would 
be useful in determining the true pore size o f the materials during biological studies.
6.2 Future Directions
Despite the results reported in this thesis, much work is still required to 
develop a bioartificial vessel for cell culture experiments and investigate vascular 
cell fate. In particular the following areas need to be investigated:
• Experimental Data
Uniaxial and biaxial experimental data o f  the intima, media and 
adventitia are required to develop more complete numerical models and 
permit further understanding o f the structural response o f arterial vessels. In 
addition, mechanical testing o f the collagen and elastin constituents o f the 
artery wall would enable more complex finite element models to be 
developed.
• Preconditioning
A preconditioning effect was evident for the PVA-chitosan hydrogel 
membranes. Further investigation is required to determine effects o f various 
strain rates and preconditioning maximum loads on the stress versus strain 
characteristics o f  the biomaterial. Dynamic testing protocols would also 
enable evaluation o f the stress versus strain behaviour o f  the PVA-chitosan 
blended hydrogel for stepped preconditioned loads and consecutive cyclic 
loading cycles.
• Vascular cell activity
The vascular cell activity was assessed on PVA-chitosan following 
one freeze-thaw cycle. The mechanical properties and morphological
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characteristics o f the PVA-chitosan blended membranes were altered as the 
number o f freeze-thaw cycles were increased. These changes to the surface 
texture o f  the biomaterial and cross-sectional pore structure will have a 
significant affect on the adhesion, growth, proliferation and apoptosis o f the 
vascular cells [185].
• Anisotropic response o f biomaterial - Fabrication methods to produce
hydrogels with anisotropic material properties are required.
One approach would be to fabricate the PVA-chitosan biomaterial 
from nanoscale hydrogel fibres. These fibres could in turn be incorporated 
into PVA-chitosan hydrogel tubular vessels creating a tube with an 
anisotropic respsone similar to arterial tissue. A number o f manufacturing 
processes have been explored to fabricate micro or nanoscale fibrous
matrices, including drawing [186], self-assembly [187], phase separation
[188], and electrospinning [189-191]. Electrospinning has been generally 
accepted as the simplest and least expensive method to manufacture ultrafine 
fibrous biomaterials and offers many attractive attribute for tissue engineering 
applications. A high surface area-to volume and high porosity can be 
achieved which can enhance cell adhesion and perfusion. Electrospinning 
also allows for precise control o f nano-, micro- and macro-scales for flexible 
biomaterial design. Multiple biomaterials and bioactive ingredients may be 
blended to product fibres [192]. The fibrous biomaterials can also enhance 
the mechanical properties compared to their solid equivalents [193]. Ohkawa 
et al and Ignatova et al [194,195] have successfully fabricated PVA-chitosan 
blended fibres via electrospinning.
• Porosity o f  biomaterial - Experimental investigations are required into the
control o f  the pore size in the hydrogel in order to allow for communication 
between cells and appropriate diffusion o f nutrients.
An alternative to electrospinning to create pores is to prepare a PVA- 
chitosan hydrogel solution containing pores. Several methods such as the
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porogen technique [99], the phase separation technique [196], the foaming 
technique [197], the overrun process [182] have been proposed to produce 
porous hydrogels. W ith the exception o f the overrun process, most techniques 
require additives (for example organic solvents, foaming agents and porogen) 
to create pores. The overrun process (a process used in the manufacturing o f 
soft ice cream) entraps injected air during the manufacturing process at low 
temperature because the entrapped air can produce pores in the hydrogel. The 
pore size and distribution can be easily controlled by adjusting several aspects 
o f  the process (impeller rate and operative temperature) and the concentration 
o f the hydrogel [182].
• M icromesh patterning - Experimental studies to determine the optimum 
surface roughness for culture o f different cell types.
The biomaterial surface plays an important role in cellular adhesion, 
proliferation, differentiation and apoptosis [185]. M icro or nanopattems on 
the surface o f the biomaterial, allows control and manipulation o f the cell— 
biomaterial and cell-cell interactions in such a way to create patterns o f cells 
that are highly oriented and differentiated [185]. Cells react to chemical and 
topographical stimuli through specific receptors. Therefore micro and 
nanopattem ed biomaterials can be utilized to investigate the influence o f 
surface morphology o f biomaterials on the adhesion and growth o f specific 
cells types. Numerous different techniques including microcontact printing, 
photolithography [198], photoimmobilisation process [198] have been 
developed to creating mircopattems on the surface o f  biomaterials. It has 
been reported that nanoscale patterns increased both cell density and cell 
spreading during the initial cell culture stages [199] and enhanced adhesion 
and growth o f  EC [200].
• Fabrication processes - More efficient processes are required for fabricating 
PVA-chitosan hydrogels in short cycle times without sacrificing control over 
mechanical properties.
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An attractive method o f polymerisation o f  PVA-chitosan is 
photopolymerisation. Hydrogels can be photopolymerised in the presence o f  
photoinitiators using ultraviolet UV light [201]. Photopolymerisation has 
several advantageous feature compared to other polymerization techniques 
including spatial and temporal control over polymerisation, fast curing rates 
(less than a second to a few minutes) at room/physiological temperatures, and 
minimal heat production [202]. A wide variety o f  biomedical applications 
have been suggested for photopolymerised hydrogels including prevention o f 
thrombosis [149], post-operative adhesion formation [203], drug delivery 
[204] and tissue engineering scaffolds [201].
• Bioreactor - Commission a bioreactor with bioartificial vessels to 
simultaneously expose vascular cells to cyclic strain and shear stress.
In order to develop the bioreactor a number o f  steps are required:
■ Co-culture EC and SMC on the PVA-chitosan membranes.
■ Physiological shear stress, pressure and cyclic strain.
■ Static versus dynamic culture experiments.
• Bioreactor potential
Cellular functionality and behaviour for physiological and non- 
physiological conditions. Cellular response due to antibiotics and mechanical 
interventional procedures (for example drug-eluding stents) could also be 
evaluated.
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Appendix A
Residual Stress in Arteries
Stress Free State Unloaded State Loaded State
Closure Pressuiisation
Figure A1 Cross sectional representations of an artery at the stress free state, 
the unloaded state and the loaded state [51].
Figure A1 shows the idealised arterial wall configurations at stress free, unloaded 
and loaded states [51]. Let:
Stress free state = state 0,
Unloaded state = state 1
Loaded states = states 2 ,3 , ...N
A material point is denoted by (R, 0 ,  Z) for state 0 and (r, 0, z) in states 1 ,2 , N 
for cylindrical polar coordinate system. The subscripts i and e represent the inner and 
outer radii o f the artery wall respectively. 0 O is related to the opening angle (a) by 
the following equation:
, s in © n
tan(a  / 2) = ---------- -—
1 -  cos 0 O
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The incom pressib ility  condition  im plies that:
Area stress free state = Area loaded states
® { R ; - R ? ) =  u K ( r l - r l )
where Az is the axial stretch ratio. The deformation o f  the thick walled vessel under 
transmural pressure and axial tethering can be described by the following
mathematical transformation:
r = r (R), 6 =
r \  
K
0vw oy
0 ,  z  = z (Z )
Hence the principal stretch ratios are:
o oA, — ----  , An —
r ÔR 6
( \  
n
0
-  /I -  —
r  9 2 ~ ez
The incompressibility condition states that XrX0Xz = 1, therefore the internal radius o f 
the artery can be calculated from:
r, = ire --{R] - R2)
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Appendix B
Conversion of Engineering Stress and Strain to 
True Stress and Strain
Load, displacement, gauge length and cross sectional area was recorded for 
each specimen. All load and displacement data were converted to engineering stress 
and engineering strain.
Engineering Stress
F
Engineering Strain
A/
where,
<j e = Engineering Stress 
F = load,
A0 = Original Cross Sectional Area, 
s E = Engineering Strain 
AI = Change in gauge length, 
l0 = Original gauge length,
As the hydrogel stretches along its longitudinal axis it subsequently contracts 
in the radial direction. The effect o f this lateral contraction and associated decrease in 
cross sectional area gives rise to a difference between engineering stress and true 
stress. Under the assumption that the hydrogel is incompressible true stress can be 
related to engineering stress in the following way:
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True Stress
True stress is defined as the ratio o f the applied load (F) to the instantaneous 
cross-sectional area (Aj) o f  the material at the time o f loading.
A p • / f  Aq • Iq
then,
since,
finally true stress is: 
where,
CT y  —
A f A o lo
/ f  -  A / + /0 
a T = a i; (I + eE)
g t ~  True Stress 
Af = Final Area,
/f = Final gauge length.
True Strain
True strain is defined as the sum o f all the instantaneous engineering strains.
Letting
, dl a s  = — ,
I
the true strain is.
€t = ^ds = =
True strain can be related to engineering strain as follows:
e T -  In V = In
1<+
O
'"«a
1
J o . L h  J
where,
cT = ln (l+  Se)
8 t  = True Strain
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Appendix C 
Contact & Boundary Conditions
To define contact conditions between the layers o f the artery the direct 
constraint contact algorithm was employed. The motion o f the bodies are tracked in 
this algorithm and when contact occurs direct constraints are placed on the motion 
using boundary conditions (kinematic constraints on transformed degrees o f freedom 
and nodal forces). Deformable-deformable contact was used to describe the contact 
between the layers o f the artery. Contact between the artery and the rigid bodies was 
defined as deformable-rigid contact (Figure C .l). All contact bodies were 
mathematically defined as analytical surfaces where the normal to the contact surface 
was recalculated at each iteration based on the current surface position.
Figure C .l Contact algorithms used to describe the contact conditions o f the 
finite element model. Contact between intima, media and adventitia 
was defined as deformable-deformable contact, while contact between 
the artery and the rigid bodies was defined as deformable-rigid 
contact. Geometry configuration o f Sample 1.
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In the initial load step, the stress free arterial segments were subjected to an 
initial pure bending deformation (closure). Sliding contact was permitted between the 
three layers. Rigid contact bodies with sliding contact constrained the artery in the 
axial directions during all load steps (not shown). The initial boundary conditions 
were chosen as shown in Figure C.2 (A). The rigid contact bodies were rotated about 
the centre point o f the stress free segment such that a 175 0 section was achieved 
after the bending deformation. Due to the sliding contact constraint between each 
layer o f  the artery (deformable bodies) and rigid contact bodies, and the fact that 
there were no boundary conditions in the Y direction, a 180 0 section could not be 
achieved in one load step. In order to completely close the arterial segment to 
become an 180° sector all the nodes at one end o f each segment were displaced in the 
negative x direction (Close up Figure C.2 (B)). The cylindrical three layered 
structure was then used as the reference for subsequent deformation processes. Axial 
strains in the Z direction o f 5, 10 and 20 % were applied to the three layers o f  the 
artery. Finally a range o f  internal pressures (P i), both physiological and non- 
physiological pressures, were applied to the lumen o f the arterial model (Figure C.2
(C)).
Figure C.2 Loading Process: A : Boundary conditions for initial load step for one 
layer o f the artery. Sliding contact was permitted between the artery 
(deformable body) and the rigid contact body. The rigid contact body 
was rotated about the centre point such that a 175 0 segment was 
achieved. B: Nodes at one end o f the arterial segment were enforced 
to move in the negative x-direction such that a 180 0 cylindrical 
specimen was achieved. C: Circular cylindrical arterial structure was 
inflated to a lumen pressure o f Pj.
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Appendix D
Pressure Versus Diameter Response - Sample 2
The pressure versus diameter responses for Sample 2 without and with the 
affect o f opening angles for different longitudinal stretches are shown in Figures D .l 
and D.2. Figure D.3 compares the pressure versus diameter plot o f Sample 2 with 
and with no opening angles and an axial stretch o f  A* = 1.1.
Outer Diameter (mm)
Figure D .l Pressure versus diameter plot o f Sample 2 with no opening angles 
(a) and axial stretches of Az = 1.0, 1.05, 1.1 and 1.2 respectively.
Sample 2 was simulated with the experimental data obtained from the 
axial uniaxial tensile tests.
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Outer Diameter (mm)
Figure D.2 Pressure versus diameter plot of Sample 2 with opening angles (a) 
and axial stretches o f Az = 1.0, 1.05, 1.1 and 1.2 respectively.
Sample 2 was simulated with the experimental data obtained from the 
axial uniaxial tensile tests.
7 8  8 . 5  9  9 . 5  1 0
Outer Diameter (mm)
Figure D.3 Pressure versus diameter plot of Sample 2 with and without 
opening angles (a) with an axial stretch o f Az = 1.1. Sample 2 was 
simulated with the experimental data obtained from the axial uniaxial 
tensile tests.
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Appendix E
Repeatability Tests
The uniaxial stress versus strain data for PVA, PVA-chitosan IS-1 and PVA- 
chitosan WS-1 hydrogels specimens are shown in Figures E.1-E.12. Excellent 
repeatability o f  the all specimens was achieved.
Strain
Figure E .l Uniaxial stress versus strain data for PVA-chitosan IS hydrogel 
samples that underwent 1 freeze-thaw cycle (S = Specimen).
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Figure E.2 Uniaxial stress versus strain data for PVA-chitosan IS hydrogel 
samples that underwent 2 freeze-thaw cycles (S = Specimen).
Strain
Figure E.3 Uniaxial stress versus strain data for PVA-chitosan IS hydrogel 
samples that underwent 3 freeze-thaw cycles (S = Specimen).
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Figure E.4 Uniaxial stress versus strain data for PVA-chitosan IS hydrogel 
samples that underwent 4 freeze-thaw cycles (S = Specimen).
Strain
Figure E.5 Uniaxial stress versus strain data for PVA-chitosan WS hydrogel 
samples that underwent 1 freeze-thaw cycle (S = Specimen).
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Figure E.6 Uniaxial stress versus strain data for PVA-chitosan WS hydrogel 
samples that underwent 2 freeze-thaw cycles (S = Specimen).
Strain
Figure E.7 Uniaxial stress versus strain data for PVA-chitosan WS hydrogel 
samples that underwent 3 freeze-thaw cycles (S = Specimen).
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Strain
Figure E.8 Uniaxial stress versus strain data for PVA-chitosan WS hydrogel 
samples that underwent 4 freeze-thaw cycles (S = Specimen).
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Figure E.9 Uniaxial stress versus strain data for PVA hydrogel samples that 
underwent 1 freeze-thaw cycle (S = Specimen).
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Figure E.10 Uniaxial stress versus strain data for PVA hydrogel samples that 
underwent 2 freeze-thaw cyclesf (S = Specimen).
Strain
Figure E . l l  Uniaxial stress versus strain data for PVA hydrogel samples that 
underwent 3 freeze-thaw cycles (S = Specimen).
177
St
re
ss
 
(M
Pa
)
8
Strain
Figure E.12 Uniaxial stress versus strain data for PVA hydrogel samples that 
underwent 4 freeze-thaw cycles (S = Specimen).
178
Appendix F
Preconditioning
The uniaxial stress versus strain data illustrates a preconditioning affect on 
the PVA, PVA-chitosan IS-1 and PVA-chitosan WS-1 hydrogels that underwent 4 
freeze-thaw cycles (Figures F .l, F.2 and F.3).
Strain
Figure F .l Two preconditioning cycles of PVA-chitosan IS to a load of IN  
which was then loaded to failure (4 freeze-thaw cycles).
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Strain
Figure F.2 Two preconditioning cycles o f PVA-chitosan WS to a load o f IN  
which was then loaded to failure (4 freeze-thaw cycles).
Strain
Figure F.3 Two preconditioning cycles of PVA to a load of IN which was 
then loaded to failure (4 freeze-thaw cycles).
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